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Preface 


This book is intended to be a working manual of the major modern 
techniques used to prepare plant material for transmission and 
scanning electron microscopy. The preparation of plant cells and tissues 
for electron microscopy often presents special problems, particularly 
due to the presence of the tough cell wall and large central vacuole. 
General books on electron microscope methodology often fail to address 
these questions, whereas this volume specifically details the preparative 
techniques available for botanical specimens. Basic methods, such as 
thin-sectioning and the operation of the microscopes, are not covered 
since these are detailed in the many other excellent texts and operation 
manuals; a knowledge of these procedures is assumed. 

The book consists of nine chapters, each written by acknowledged 
specialists in the field. Each chapter covers the basic principles of 
the approach, describes useful applications of the method, and gives 
full details of reliable procedures to be used. The topics covered are 
as follows: general preparation and staining of thin sections; stereo- 
electron microscopy; quantitative morphological analysis; enzyme 
cytochemistry; immunocytochemical labelling; in situ hybridization 
techniques; rapid freezing methods; ambient- and low-temperature 
scanning electron microscopy; and microanalysis. The approach to 
these chapters varies somewhat due to the different stages of 
development of the techniques. Some have well-defined procedures 
that have been established over the last 30-40 years. Others are in 
the early stages of development. Since the publication of Electron 
Microscopy and Cytochemistry of Plant Cells (edited by J.L. Hall) in 
1978, a book with the same general aims, some procedures have 
simply been refined, so the broad approach is similar. In contrast 
some techniques have developed and changed considerably, while 
others are introduced for the first time. There is inevitably some 
slight overlap between chapters but we have considered this to be 
essential in order to maintain the completeness of each individual 
chapter. However, there are numerous cross-references, which it is 
hoped will interrelate the different emphasis and requirements given 
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to a particular procedure (e.g. fixation) with the different techniques. 

We should like to thank all the authors for contributing their 
expertise to this book and for being, generally, so prompt in producing 
their chapters. 


J.L. HALL 
C. HAWES 
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1.1. INTRODUCTION 


This chapter deals with the basic methods necessary for the preparation 
of thin sections for examination by transmission electron microscopy 
(TEM). The transmission electron microscope is an exceptional instru- 
ment, but its use in biology raises many problems. These include the 
need to perform observations with specimens under vacuum, the 
requirement for ultrathin sections through which electrons can pass, 
and the need more or less to enhance selectively the contrast of 
subcellular structures. These difficulties have been gradually overcome, 
although some are still only partially resolved. 

During the early development of electron microscopy (1940-50), 
observations were limited to specimens that were either small, or were 
naturally very thin and could be simply dried on the specimen holder. 
The most significant results with plant cells were undoubtedly 
those obtained with isolated chloroplasts (visualization of grana 
and membrane stacks} and cell walls (visualization of the fibrillar 
architecture). In particular, the first spectacular and sharp pictures of 
cellulose microfibrils were obtained after metallic shadowing. 

From 1950 to 1960, rapid progress was made as a result of the 
development of ultramicrotomy. The methodology was adapted directly 
from that used for light microscope histology. It consisted of the 
immobilization or the fixation of living structures by chemical agents, 
followed by embedding in a plastic medium which could be sectioned 
with a modified microtome. 
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By the 1960s, the inventory of subcellular structures had been largely 
established and was followed by the extensive development of 
ultrastructural cytology, which aimed to analyse the fine anatomy of 
cells and tissues as rigorously as possible. These morphological 
and descriptive investigations led to another approach, which was 
concerned with the chemical nature and properties of subcellular 
components. Morphological investigations provided the basic frame- 
work for any study and led to a functional exploration of the cell in 
situ. 

Progressively, more specific cytochemistry emerged and diversified. 
A limiting factor was the use of hydrophobic embedding resins. In 
the last few years, attempts have been made to diversify the range of 
embedding media in order to improve the accessibility of reagents, 
thus opening up new avenues of research. 

For beginners, some preliminary points have to be made: 


(1) It is necessary to use, as far as possible, convergent methods for 
any ultrastructural study. 

(2) It is useful, when using a new technique, to try it first 
with a well-known material. As will be seen below, one of 
the basic problems encountered with differentiated plant tis- 
sues is the heterogeneity of the specimens due to the presence 
of hard cell walls and large vacuoles. Consequently, meris- 
tematic cells (especially root apices) are often the easiest to 
handle. 

(3) It is important not to focus attention exclusively on the aesthetic 
aspect of the result. For example, numerous highly contrasted 
and ‘pretty’ micrographs obtained after permanganate fixation, 
widely used in the 1960s, were in fact the result of a drastic and 
uncontrolled loss of background. Conversely, certain cytochemical 
stains, if specific, can provide interesting information despite a 
relatively poor appearance. 

(4) Do not neglect light microscopy (LM). From the methodological 
standpoint, numerous techniques used in ultrastructural cytology 
and cytochemistry have been (or will be) more or less directly 
adapted from classical cytology and histochemistry. In addition, 
time may be saved by fully checking samples, levels or stages 
studied, in semi-thin sections with the light microscope before 
proceeding to electron microscopy. As the same fixation and 
embedding medium can be used for LM and TEM, the same 
tissue block can serve both. 


4 J.C. Roland and B. Vian 


1.2. SOME CONSTRAINTS INHERENT IN PLANT CELLS 


The general organization of plant cells is not fundamentally different 
from that of animals. Therefore, a comparable methodology has to be 
expected and, in that sense, plant cell cytology has often gained from 
the numerous investigations in animal and human (medical) cytology. 
Technical improvements and progress are, of course, interdependent. 

However, the occurrence in plant cells of certain specific and very 
prominent compartments requires technical adaptations which will be 
emphasized. 


1.2.1. Structural and Chemical Characteristics of Cell 
Compartments Specific to Plants 


Fundamentally, three large organelles are specific to plant cells: the 
cell wall, the vacuolar apparatus and the plastids. They generally 
represent major components of the cell volume, and modifications in 
their morphology often characterize cell differentiation. It is outside 
the scope of this chapter to analyse histology in detail, but it is 
important to remember that each of the aforementioned organelles can 
introduce various difficulties at every step of tissue preparation as 
briefly summarized in Fig. 1.1. 
The cell wall imposes various constraints. These include: 


(a) barrier to the penetration of reagents and resins; 

(b) intercellular spaces or even lacunae, filled with gas (floating and 
delay of immersion of specimens); 

(c) hydrophobic cuticle which decreases the wettability and contact 
with fixatives and washing solutions; 

(d) exoskeleton which is often hard to section; 

(e) massive network in which it is difficult to expose the constitutive 
subunits and the actual texture. Moreover, the chemical nature 
of the subunits (polysaccharides, lignin, lipids) limits their 
contrast with the usual stains and therefore it is necessary to 
develop specific methods. Many tissues have thick walls and 
thus remain poorly studied because of handling difficulties. 


— 


The vacuolar apparatus may represent more than 80% of the cell 
volume. Thus it forms a considerable liquid phase. At the moment of 
fixation, risks of leakage arise which are difficult to control (and there 
are problems of osmolarity which require a good balance of suitable 
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Fig. 1.1. Specific compartments of the plant cell and some inherent problems for a TEM 
technical approach. 


fixatives). The contents are generally acidic, and buffers have to 
be adjusted accordingly. Additionally, secondary products such as 
(poly)phenols and tannins may produce massive precipitates on 
fixation. Poor fixation of the vacuoles produces a withdrawal of the 
cytoplasm and a plasmolysed appearance. A consequence of leakage 
is an artefactual infolding and shrinkage of the limiting membranes, 
the tonoplast and the plasmalemma (often a pulling of the plasmalemma 
can give rise to false images of pinching, simulating endocytosis). 
During sectioning, the vacuole also introduces a great mechanical 
heterogeneity: it behaves as a soft compartment opposed to the hard 
cell wall. 

The plastids, whatever their level of differentiation (chloroplasts, 
amyloplasts, chromoplasts), constitute a local and massive accumulation 
of products which may cause problems; for example, osmolarity for 
the thylakoids and problems of preservation of lipids (pigments, 
plastoglobules which are more or less soluble and extractable in 
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alcohol). When accumulation of starch occurs (storage parenchyma), 
the problem of resin infiltration can be important and lead to instability 
of sections under the electron beam and the risk of holes in the 
sections. 


1.2.2. Practical Consequences 


The consequence is that the handling of plant cells for TEM is not 
especially easy when compared with standard materials from animal 
tissues (e.g. pancreas, liver). Beginners may be sometimes frustrated 
by this. Meristematic tissues are recommended for first attempts, 
precisely because plastids, cell walls and vacuoles are reduced in size 
and volume. As soon as tissues differentiate, one has to adapt the 
protocols according to each case: adaptation of osmolarity of fixatives, 
increase in duration of embedding, fixation and infiltration under 
vacuum, use of low-viscosity embedding resins, and thin-sectioning 
by diamond knives. For hard lignified or highly hydrophobic tissues, 
the use of mild extracting procedures can be the best way to improve 
results. Different protocols are given below. In this chapter the staining 
of carbohydrates (starch, wall polymers) by adapted methods will also 
be considered since they are specially useful in plant cells. 


1.3. A BASIC PROCEDURE: CHEMICAL FIXATION AND 
EMBEDDING IN EPOXY RESINS 


1.3.1. Principles 


In order to be introduced into the column of the transmission 
electron microscope, living specimens have to be stabilized (fixation), 
dehydrated (to support high vacuum) and cut in ultrathin sections (to 
be penetrated by the electron beam). The basic method for the 
preparation of specimens consists of chemical fixation, followed by 
complete dehydration, allowing infiltration and impregnation with a 
hydrophobic plastic resin. After curing, the specimen is trimmed and 
sectioned with an ultramicrotome; the sections are collected and 
stained, and finally introduced into the electron microscope for 
observation. These steps are illustrated in Fig. 1.2. 
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Fig. 1.2. From cell to ultrathin section. A routine procedure: double fixation, dehydration, 
infiltration and embedding, followed by sectioning and collection on grid. 
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1.3.2. Preparation of Specimens 


We will first consider cells within tissues. In these cases, small samples 
have to be excised and immersed in fixatives as quickly as possible. 
Penetration of fixative into large samples is relatively slow. Therefore, 
it is necessary that at least one dimension of the specimen should be 
small (ca. 1 mm). For plant specimens, fixation is generally performed 
by direct immersion in the fixative. Specimens are first cut into 3-4- 
mm-thick slabs with a razor blade and immersed in the buffered 
fixative solution (if possible this step is performed directly in the 
fixative solution). They are then diced into smaller blocks of about 
1-2 mm? in order to ensure rapid contact with the solution. The parts 
of the segments near the cut ends should be discarded. 

When the specimen is cut and immersed, its orientation is generally 
lost. However knowledge of orientation and polarity are often 
important. In all sorts of gradients (e.g. growth, differentiation), the 
relative position of serial segments has to be recorded. A simple 
procedure to keep the native orientation is to mark one face of the 
specimen related to its natural position within the organ. One method 
is to stain one face with a histological stain such as ruthenium red 
(Fig. 1.3). 

Intercellular spaces are often filled with gas and it is recommended 
to evacuate the gas by initial fixation under vacuum. It is important 
that the specimens stay immersed in the fixative. The necessity of 
rapid fixation is important since various artifacts or modifications 
can arise. The first is a possible fast traumatic reaction of cells. A 
rapid reaction can be induced by handling. For example, within a 
few minutes, traumatic callose can be secreted and deposited. A 
second source of artifact is cell changes that may be produced by 
the release of pressure due to the excision and by a passive 
displacement of cell contents. The consequence of the rupture of 
internal pressure is often difficult to appreciate, but is especially 
obvious in conducting tissues. For example, controversies about the 
contents of sieve plate pores are due, to a large extent, to this 
artifact. Thus it is sometimes useful, at least for comparative 
purposes, to practise in situ fixation, which is somewhat comparable 
to the perfusion techniques used with animals. In this way, Buvat 
(1965) introduced the fixative with a syringe into the medullar cavity 
of the stem of Cucurbita to fix the internal phloem before excision, and 
Robards (1968) irrigated the xylem of a branch of willow with 
glutaraldehyde before isolation of the tissues. 

For small specimens, such as dispersed or isolated cells, the major 
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Fig. 1.3. Orientation of specimens. Example of serial segments excised from a seedling 
(elongating zone of a hypocotyl). (a) Excision of the whole organ under study; cn, 
cotyledonary node; ez, elongating zone; co, collar; c, cotyledon. (b) Longitudinal splitting. 
(c) Cutting successive segments from one of the halves; (d) Staining the base of one 
segment (2 min); rf, filter paper impregnated with a dilute solution of ruthenium red; 
sf, stained face. (e) Oriented specimen in resin, the red face at the back. The arrow 
points out the area trimmed for sectioning; (f) Mechanism of reaction of ruthenium red 
with carboxyl group COO-; R: pectin (uronide) chains. 


problem is that of handling the specimens. After fixation, the 
suspension has to be collected before its passage through the 
dehydrating and embedding series. Different methods can be used: 


(1) Simple centrifugation of the suspension. However, the high 
speeds that may be needed to obtain a tight pellet can cause 
structural displacements. 

(2) Collection of the specimens in the network of a Millipore filter. 
The suspension is poured onto the filter, from which small pieces 
(1-2 mm?) are then cut before dehydration and embedding, the 
specimens being adsorbed in the network. 

(3) Encapsulation in gel (agar or alginate). Some drops of the fixed 
specimen are mixed with a 2% solution of agar at 40-50°C in a 
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conical centrifuge tube. A mild centrifugation for 5-15 min using 
a warm rotor allows the collection of specimens at the bottom 
of the tube. When the agar has solidified, it is cut into small 
blocks. 

Encapsulation in a protein clot to avoid the temperature rise 
required by the previous method. A drop of fibrin, serum 
albumin or nucleohistone is mixed with a drop of the suspension. 
When the fixative, or alcohol, or acetone, is added, the clot 
contracts, encapsulating the specimens into a dense network. 
This procedure is specially recommended for very fragile material 
such as isolated protoplasts. Alternatively, it is possible to use 
gels initially proposed for frozen techniques and which can also 
give good results here since they contract in alcohol series (for 
example Tissue-Tek, a gel of polyacrylamide). The advantage is 
that this collecting medium is actually transparent to electrons. 


~ 
A 
— 


1.3.3. Double Fixation with Aldehydes and Osmium Tetroxide 


The aim of fixation is to immobilize the cell structures in a state as 
close as possible to the native state. Two main properties are required 
for a good fixative: on the one hand the capability to create stable and 
numerous cross-links, and on the other hand the capability to rapidly 
penetrate into the mass of the specimen. In order to optimize this, the 
fixation is usually performed in two steps: prefixation with aldehydes 
followed by a postfixation with osmium tetroxide (OsO,). 

Prefixation (or primary fixation) assures a rapid stabilization of 
proteins in a wide sense (nucleoproteins, glycoproteins). Monoaldehydes 
(paraformaldehyde, acrolein) or dialdehydes (glutaraldehyde) are 
widely used (Fig. 1.4). 


(1) Paraformaldehyde (polymeric form of formaldehyde) reacts with 
amino and other reactive groups of polypeptide chains. Bridges 
can be established between neighbouring peptide chains through 
amino groups: 

R—NH—CH,OH + NH,—R’ —> R—NH—CH,—NH—R’ 


and between peptide linkages: 


RY UR’ R R" 
NH + H — CHO + HN as >N—CH,—NC 
R Ng” R’ R” 


(2) Acrolein has the same properties and penetrates quickly and 
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Fig. 1.4. The main chemical fixatives. 


deeply into the tissue block (faster than glutaraldehyde), therefore 
improving the fixation of large specimens. However, it has an 
unpleasant odour and a strong lacrimatory effect; 

(3) Glutaraldehyde, being a dialdehyde, has an increased potential 
for cross-linking peptide chains. At the present time, glutaral- 
dehyde is the prefixative preferred by most cytologists. It is easy 
to handle and is generally used with phosphate or cacodylate 
buffer in a wide range of concentrations (from 1 to 10%). It gives 
good preservation of structure, and the section appears to have 
more contrast than after direct fixation with OsO,. When there 
is a particular problem of penetration, a mixture of glutaraldehyde 
with paraformaldehyde (or acrolein) is recommended (see Glauert, 
1977). 


For numerous purposes (especially morphological) optimum fixation 
is required and can last several hours at room temperature. But 
sometimes only a partial stabilization of macromolecules is required 
in order to keep a certain internal activity or accessibility of functions 
(this is often the case in cytochemistry, immunocytochemistry or 
cytoenzymology, i.e. detection of endogenous enzyme activity). It will 
be seen that in such cases, shorter aldehyde treatments (less than one 
hour) are recommended and osmium postfixation could be omitted. 

Postfixation (or secondary fixation) comprises a reaction with OsO, 
which is a strong oxidant, especially for ethylenic double bonds. When 
oxidizing the ethylenic bonds, cross-bridges can be established 
between neighbouring chains according to the reaction: 
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R—CH Q PP HC—R” —> R—-CH—O. /O—-CH-R 
| + Ps + | Os 
Yo’ Bei 

R'—CH O O HC—R” R'—CH—O O—CH—R” 


In this way, OsO, can cross-link and permanently stabilize proteins and 
lipids. For example, phospholipids with their numerous unsaturated 
fatty acids react strongly. Osmium fixation is specially efficient for 
cytomembranes and all fatty components (e.g. oil droplets, glyoxysome 
contents, plastoglobuli). Other components can also react strongly with 
osmium (tannins, pigments), the general term ‘osmiophilic’ being used 
for all substances reactive with osmium tetroxide. 

During immersion in osmium tetroxide, the specimen turns black 
progressively from the surface inwards. This blackening indicates the 
degree of penetration of the postfixative. The main disadvantage of 
OsO, as a fixative is its relatively slow rate of penetration into the 
specimens. An unavoidable fixation gradient from the surface to the 
centre of tissues is produced, and damage can occur before the OsO4 
has reacted completely with all structures. This is one reason why a 
pretreatment with aldehydes is generally recommended. The main 
advantage of double fixation is that osmium fixation improves slowly 
but firmly the previously rapidly but weakly stabilized proteins and 
fixes other compounds, such as lipids, which are not affected by 
aldehydes in the primary fixation. Unlike aldehydes, osmium, being 
opaque to electrons, imparts a certain contrast to fixed structures 
(membranes) in sections even without further staining. Though very 
classical, the dark and white tripartite staining of the unit membrane 
is still a matter of debate, particularly the respective role of the proteins 
and of the bimolecular lipid bilayer in adsorbing osmium. 

As previously noted, postfixation is omitted for certain further 
reactions. In other cases, with double-fixed specimens, the presence 
of osmium in the section may preclude certain cytochemical treatments. 
In that case, it is still possible to eliminate osmium by bleaching the 
section with H,O, or periodic acid (see below). 


1.3.3.1. Procedure for Double Fixation 


(1) Preparation of the fixatives. The compositions of fixative mixtures 
and buffers are detailed in Section 1.8. Small glass vials with 
covers are labelled and all the subsequent manipulations are 
performed under a well-ventilated hood and constantly stirred 
or agitated to favour penetration. 
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The solutions are introduced and removed with Pasteur 

pipettes. As sticky epoxy mediums are used, it is useful to line 
the vials with aluminium foil in order to reduce washing up. 
The various chemicals used are to a greater or lesser extent 
volatile and toxic, especially osmium vapours which are irritant 
and can cause damage to eyes, respiratory tracts and skin. They 
must be kept in tightly closed containers to avoid dramatic 
blackening of the whole environment (see Section 1.8). 
Primary fixation. Tissues are prefixed with 2-6% glutaraldehyde 
(with the possible addition of 0:5-4% paraformaldehyde) 
in 0:02-0:2 m phosphate or cacodylate buffer, pH 6-:8-7-2. 
Theoretically, tissues to be fixed should have the same tonicity 
as the fixative (osmolarity of the total fixative = buffer + 
glutaraldehyde). In this case, net movement of water either 
inwards or outwards would be precluded. However, the 
osmolarity of aldehyde fixatives varies with the pH and the 
nature of the buffer (see Coetzee and Van der Merwe, 1985), 
whilst it is practically difficult to determine the internal ionic 
concentration. Therefore, it is advisable to test a new material 
over a wide range of concentrations. To improve fixation, the 
addition of 1-3mm CaCl, and/or 1-3% sucrose has been 
recommended, although there is no general agreement on this 
point. 

Prefixation is carried out usually for 1-2 h at room temperature. 
Colder temperatures (0-4°C) do not assure preservation of the 
cytoskeleton. Prefixation may be extended to overnight or 
sometimes longer when penetration is specially difficult, e.g. in 
pollen and spores. As already discussed, when the intercellular 
spaces of the tissues are filled with gas, specimens in the fixative 
must be evacuated for a few minutes. At the end of the treatment, 
samples should sink into the bottom of the fixative solution. 
Cuticle and epidermal coats (wax) may present a hydrophobic 
obstacle to the penetration of the fixative and, when possible, a 
surface peeling is recommended. 


(3) First washing: Immersion in the same pure buffer, changed twice 


(10 min-2 h). 


(4) Postfixation: With 1% OsO; in 0:2-0:02 m buffer at pH 6:8-7-2 for 


30-90 min at room temperature. 


(5) Second washing: In buffer (or eventually distilled water) (at least 


2 x 10 min). 
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1.3.4. Alternative Procedures for Chemical Fixation 
1.3.4.1. Potassium Permanganate 


Potassium permanganate (KMnQ,) is another strong oxidant which 
has been widely used as a fixative in plant cytology (Mollenhauer, 
1959). Double fixation with aldehydes and OsQ, is, however, usually 
preferred at the present time because of the overall superiority in the 
quality of preservation of subcellular structures containing proteins 
and nucleoproteins. Nevertheless, potassium permanganate (2-5% 
aqueous solution, at 22°C), or lithium or sodium permanganate, are 
still sometimes used as fixatives. No further staining is required. To 
improve the fixation and to limit the extraction of materials, two 
procedures may be used: 


(1) Short-term fixation: An extraction, especially of nucleoproteins, 
occurs if long periods of fixation are used (over 1h). Conse- 
quently, fixation in the range of 5-10 min could combine the 
outstanding membrane visualization by permanganate with a 
better retention of background protoplasm. The obvious difficulty 
in using short fixation times is that only the surface of the 
specimen is penetrated by the fixative. 

(2) Two-step fixation: Potassium permanganate can also be used as 
a postfixative following an aldehyde prefixation. The specimens 
are subsequently washed in water several times until the 
washings remain colourless. 


1.3.4.2. Mordanting Treatments 


Certain substances, in particular tannic acid, can be used to increase 
and diversify cell contrast in electron microscopy. The most noticeable 
features produced by such treatment is a sharp delineation of 
membranes and an improved appearance of certain structures such as 
microtubules and microfilaments. Another interest is the selective 
reinforcement of contrast of certain membranes (see Section 1.6.6 and 
Fig. 1.18). 

Tannic acid was introduced as an additional fixative mixed with 
aldehyde by Futaesaku et al. (1972). The mechanisms of action remain 
unclear. Simionescu and Simionescu (1976) analysed in detail the 
action of low molecular weight tannins on rat tissues. When tannic 
acid was mixed with aldehyde to fix fresh tissues, the penetration into 
cells was rather inconsistent and some precipitates were found on the 
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sections. The various experimental conditions tested by these authors 

indicated that tannic acid displayed a complex effect on tissues: it 

acted primarily as a mordant between osmium-treated structures and 

the lead subsequently used to stain the sections, but it also stabilized 

some tissue compounds against extraction during the following steps. 
Two methods are usable: 


(1) tannic acid is added to the primary fixative (1-4% w/v of 
tannic acid in either cacodylate-buffered glutaraldehyde or 
glutaraldehyde—formaldehyde); 

(2) tannic acid treatment between primary fixation and osmication 
or after the osmication. Specimens are immersed for 1-2h in a 
solution of 1-4% tannic acid in 0.1 m buffer as a separate step. 


1.3.5. Dehydration and Optional in-block Treatments 


The epoxy resins currently used for embedding (Epon, Araldite and 
Spurr) are highly hydrophobic, which means that specimens must be 
completely and progressively dehydrated before infiltration. Dehydration 
is routinely performed with graded solutions of ethanol or acetone. It is 
often claimed that a slow dehydration is necessary to avoid shrinkage 
of cell contents. In fact, since the dehydrating agents are strong solvents, 
especially for lipids, contact with the specimens should be limited to 
what is strictly necessary in order to limit the degree of extraction. In 
contrast to the procedure sometimes recommended in classical histology, 
it is not advisable to leave specimens overnight in diluted or concentrated 
alcohol or acetone. A general schedule for embedding has to be established 
taking these points into account. 

When dehydration is complete, an intermediate fluid compatible 
both with ethanol and resin is necessary. Propylene oxide is widely 
used at the end of dehydration because it mixes quickly with epoxy 
resins. This step is important: appearance of an opalescence in the 
solution indicates that the dehydration is insufficient. Steps for 
dehydration involve successive changes of graded dehydrating agent, 
for example: 


(1) ethanol or acetone, 30%, 5-15 min (optional) 

(2) ethanol or acetone, 50%, 5-15 min (optional) 

(3) ethanol or acetone, 70%, 5-15 min 

(4) ethanol or acetone, 95%, 5-15 min 

(5) ethanol or acetone, 100%, 15-45 min (two changes) 
(6) propylene oxide, 15-45 min (two changes) 
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Alternatively, to avoid the sequential changes and the need to have 
a ready-made series of graded alcohol or acetone, the specimens can 
be placed in a small quantity of water in a vial. Then 3 or 4 volumes 
of alcohol or acetone are added, drop by drop, with stirring. The 
solution is changed with pure alcohol or acetone (15-45 min, two 
changes) and finally replaced with propylene oxide. 

Tissue blocks can be given additional treatment before or during 
dehydration. Such in-block treatments (as opposed to section 
treatments made after embedding) have the advantage of being 
performed in a hydrophilic solution, though they have the disadvan- 
tage of having to penetrate the mass of the specimen with the 
inherent risk of displacement and false localization. Some concern 
cytochemistry and cytoenzymology (incubation in substrates for 
certain enzymes, mild and controlled extraction for the cell wall); 
others simply concern the contrast. For the latter it is common to 
employ an in-block staining with uranyl acetate, used either in 
aqueous solution just after the double fixation (0-5-2%; dissolution 
is slow; filter before use; the blocks are immersed 30 min to overnight 
at 4°C in the dark), or during dehydration with ethanol or acetone 
(saturated solution in 70% alcohol, immersion for 30 min to overnight 
in the dark). The treatment markedly enhances the contrast of cellular 
contents. Besides the staining properties of uranyl acetate, the 
aqueous treatment after fixation seemingly improves the preservation 
of certain subcellular structures. Stabilization of DNA has been 
reported several times as well as an improvement in membrane 
preservation. 


1.3.6. Infiltration with Resin and Embedding Procedures 


The tissue block has to be infiltrated with a fluid medium (prepolymer) 
and subsequently polymerized (polymer) with a minimal change in 
volume. The embedding medium is a resin which has a low viscosity 
before polymerization. In the presence of hardeners, bonds are 
established which bind the units of the monomer. Polymerization is 
usually activated by temperature and accelerators. Different additives 
are included in the embedding medium in order to modulate the rate 
of polymerization, and the final hardness of the block may be 
adapted depending on the hardness of the embedded material. For 
undifferentiated plant tissues (e.g. meristems and young organs), a 
relatively soft block is adequate, while for differentiated tissues with 
thick walls, a relatively hard block is often required. 
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The commonest epoxy resins currently used are Epon or Araldite, 
pure or mixed together. 


1.3.6.1. Procedure for Embedding in a Mixture of Araldite and 
Epon 


The preparation of a range of embedding mixtures is described in 
Section 1.8. They are highly viscous and must be homogeneous. They 
are stirred carefully with a glass rod and may be mixed further with 
a magnetic stirrer. The resins and hardener are added first, followed 
by the accelerator. Resin mixtures must be allowed to reach room 
temperature before opening in order to avoid contamination by 
condensing water. 

The following procedure may be used to infiltrate the dehydrated 
specimens with the monomer mixture: 


(1) 1/1 vol. propylene oxide/resin mixture (30 min to overnight). 
This is the so-called ‘mixed bath’ allowing a very gradual 
impregnation with the resin. Towards the end, take off the cover 
of the vial and let the propylene oxide evaporate under the hood 
to progressively concentrate the medium. 

(2) First pure resin mixture (30 min to 2 h) 

(3) Second pure resin mixture (30 min to 2 h) 


Infiltration should be performed on a shaker or rotator to accelerate 
the penetration of the mixture. Millonig (1976) has suggested addition 
of a centrifugal force (500g) to increase penetration by the resin: 
controls have demonstrated that no disruption of the fixed cells occurs 
at this speed, even in vacuolated and delicate plant material. Particularly 
hard and difficult specimens may require prolonged periods of 
penetration (up to several days). 

Each specimen is then transferred and oriented with a wooden 
applicator into embedding moulds. Two kinds of moulds, capsules 
and flat moulds, can be used: 


(1) Capsules. Gelatin or ’BEEM’ capsules are commonly used. The 
former must be dried for some days in an oven before use. If 
orientation is especially important, the capsule is filled in two 
steps. First, the specimen is orientated in a drop of resin at the 
bottom of the capsule and prepolymerized in the oven. The 
capsule is then filled up before final polymerization. BEEM 
capsules produce shaped blocks which require a minimum of 
trimming before ultramicrotomy. The conical or pyramidal tips 
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or the faceted ends of the capsules simplify orientation of the 
specimen. 

(2) Flat moulds. Flexible silicone rubber moulds permit embedding 
of many specimens (up to 50) that are easy to orientate. The 
compartments have rectangular trapeze-shaped tips and the 
moulds can be re-used many times if they have been correctly 
siliconed by the manufacturer. The design of such moulds also 
facilitates further trimming of the block. Moreover each cavity 
may be numbered, a number being printed in the flat block, 
which helps to identify each specimen in a series. 


Most ultramicrotomes have specimen holders for both capsules and 
flat blocks. To cure the resin, polymerization is in an oven for 1-3 
days at 50-70°C. 


1.4. ALTERNATIVES FOR EMBEDDING 


Araldite-Epon mixtures usually give a satisfactory embedding of plant 
tissues. Their main disadvantage is the relatively high viscosity of the 
prepolymer mixture, which reduces the rate of resin penetration into 
tissue blocks, especially when thick walls are present. It also makes 
the handling of the sticky resins unpleasant. 

The use of other types of resins is recommended for several reasons: 
(1) lower viscosity and better penetration; (2) hydrophilic properties; 
(3) solubility of the polymer; and (4) possibility of curing at low 
temperature. The use of very low-viscosity resins enables specimens 
reputedly impossible to infiltrate to be successfully and homogeneously 
embedded (especially mature tissues). 


1.4.1. Low-Viscosity Resins 
1.4.1.1. Spurr Low-Viscosity Resin 


To improve the diffusion and penetration of the resin into the 
specimens, Spurr (1969) suggested the utilization of a cycloaliphatic 
diepoxide, vinylcyclohexene dioxide (VCD or ERL 4206). This resin, 
used alone with curing agents, could lead to an extremely hard polymer 
and consequently a plasticizer is required. DER 736 (diglycidylether 
of polypropylene glycol) was selected as the flexibilizer because of its 
moderately low viscosity. For the same reason, NSA (nonenyl succinic 
anhydride) was preferred as hardener over the widely used dodecenyl 
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succinique anhydride (DDSA). A wide range of formulations were 
tested with a variety of plant materials. VCD is a small molecule, is 
toxic and carcinogenic. Therefore care is required in handling and all 
procedures, including polymerization, must be carried out in a fume 
cupboard. 


Procedure for embedding in Spurr resin Because of the general toughness 
of the materials, a formulation which yields quite firm blocks 
is suggested for standard use (see Section 1.8). The accelerator 
dimethylaminoethanol (DMAE) is added after careful mixing of the 
resin, hardener and flexibilizer. The mixture can be stored in a 
refrigerator for 3-4 days. Curing requires 16-24h at 70°C. Shorter 
curing time can be obtained when the proportion of accelerator is 
increased (up to 1 ml). The schedule for embedding is the same as the 
procedure indicated above for Epon—Araldite. The embedding mixture 
is miscible with propylene oxide and with absolute alcohol. 


1.4.1.2. Methacrylate 


Methacrylate is another resin whose prepolymer is very fluid. It was 
the first resin widely used for embedding in electron microscopy. At 
the present time, it is seldom used because of the changes in volume 
and shrinkage which occur during curing. However, it may be useful 
in some cases because, in addition to the high fluidity of the prepolymer 
and its exceptional penetrating power, the polymerized resin can be 
easily removed from sections (it is completely and rapidly soluble in 
amylic alcohol, see Section 1.5.3). This property can be suitable for 
shadowing procedures. 


Procedures for embedding in methacrylate Both n-butyl and n-methyl 
methacrylate are used as monomers. Both are supplied with an 
inhibitor (hydroquinone) which prevents spontaneous polymerization. 
This inhibitor must first be eliminated. 


(1) Elimination of the inhibitor. Work in a well-ventilated hood 
(odour!). In a separating funnel, mix 100 ml butyl or methyl 
methacrylate and 50 ml of 5% NaOH. Shake vigorously, then 
leave to separate. Draw off the lower alkaline solution. Repeat 
once or twice until the alkaline solution remains clear. Wash in 
the same way 2-3 times with 50 ml water. Store the washed 
methacrylate for 24 h over anhydrous Na,SQ,. This stock solution 
of methacrylate can be stored for months in a refrigerator in the 
presence of desiccator (silica gel). 
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(2) Preparation of the embedding medium. Mix in a glass vial 85 ml n- 
butyl methacrylate, 15 ml n-methyl methacrylate and 0-5-2 g 
catalyst (benzoyl peroxide) (higher proportion for harder blocks). 
The catalyst is dehydrated before use with anhydrous Na,SO, 
(24h). The final mixture for embedding can also be kept for 
months in the cold in a tight container. 

Infiltration and curing. The embedding solution is mixed with the 
final ethanol or acetone to be used for dehydration. The viscosity 
being low, impregnation is rapid. The final infiltration is carried 
out with a semi-polymerized mixture (made by previous heating 
of the embedding solution at 50-80°C until it becomes as viscous 
as honey). Final curing is performed in an oven at 50-80°C, in 
capsules closed with a lid to prevent evaporation and oxygen 
inhibition of polymerization. 
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1.4.2. Hydrophilic Resins 


For the majority of treatments after embedding, the main limiting 
factor is, as previously noted, the highly hydrophobic nature of resins 
which limits the wettability and prevents the access of the reagents 
to the embedded cell structures. To avoid this, one solution is 
cryosectioning (see Chapter 5); another is to use relatively hydrophilic 
resins, among which are glycol-methacrylate or LR White; the latter 
is now often used for plant cells. 


1.4.2.1. Glycol-Methacrylate (GMA) 


GMA (2-hydroxyethyl methacrylate) contains enough polar residues to 
remain water-soluble. The monomers associate with water so that the 
fixed specimen can be taken through a graded series of aqueous 
solutions of resin instead of being dehydrated through an alcohol or 
acetone series. After curing, most of the polarity remains, which 
endows the polymer with hydrophilic properties, permitting relatively 
easy access of reagents to structures in the sections. The polymerization 
is performed under ultraviolet light. The commercially available GMA 
is used directly (no destabilization is required). 


Procedure for embedding in GMA 


(1) Stock solutions. Solution A: 80 ml GMA monomer, 20 ml water. 
The solution should be clear; it has a short shelf life. Solution 
B: 97 ml GMA monomer, 3 ml water. The solution can be stored 
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some days in the refrigerator. Solution C (embedding mixture): 
7 vols solution B, 3 vols non-destabilized butyl methacrylate 
with 2% accelerator. 

(2) Preparation of the prepolymer. A small amount of solution C is 
placed in an Erlenmeyer flask so that a thin layer covers the 
bottom. The flask is capped and heated over a Bunsen burner, 
with rapid swirling of the contents until strong convection 
currents are formed or boiling just begins (usually within a 
minute). The flask is then plunged into a bath of ice water and 
agitated until the temperature of the flask and methacrylate falls 
to that of the ice bath. The prepolymer should have the viscosity 
of thick syrup at 0-3°C. If it is insufficiently polymerized, the 
heating and cooling sequence is repeated. This embedding 
mixture is stored in a freezer. 

Embedding. The specimen, fixed with aldehyde and washed, 

passes through the following series (all the handling and 

polymerization are carried out at 4°C): (1) solution A for 5 min; 

(2) solution A for 20 min; (3) solution B for 20 min; (4) solution 

B + solution C, 1:1 v/v for 20 min; (5) solution C for 20 min; 

(6) prepolymer infiltration for 1h to overnight; (7) embedding 

in undried gelatin capsules. Cap the capsule to exclude air. 

(4) Curing. This lasts 1-2 days under long wavelength UV light 
(> 318 nm). The capsule holder must permit the passage of the 
UV light. If it is not completely transparent, the exposure to UV 
light is achieved from the bottom and/or from the top of the 
capsule. Place the capsule holder on aluminium foil to reflect the 
maximum of radiation. 
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1.4.2.2. LR White 


Another approach is based on the use of an acrylic embedding agent, 
LR White (London Resin Company), sections from which are both 
stable in the electron beam and hydrophilic (Newman et al., 1983; 
Newman, 1987). LR White is compatible with about 12% volume of 
water, so that only partial dehydration of tissues is necessary for 
certain purposes. LR White, being less lipophilic than epoxy resins, 
is less likely to disturb the cell ultrastructure when post-osmication is 
omitted. Two practical advantages of using LR White are that the resin 
is directly miscible with ethanol (no intermediate propylene oxide is 
necessary) and the embedding procedure may be rapid (time of tissue 
exposure to the damaging influence of the resin monomer can be 
reduced). LR White can also be cured at low temperature with UV 
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light using the Lowicryl initiator (see Chapter 5). However it must be 
polymerized in the absence of oxygen. 


Procedure for embedding in LR White 


(1) The aldehyde-fixed specimen (optionally osmium prefixed) is 

washed and passed through 30, 50, 70% ethanol. 

Ethanol 100% for 3 x 30 min. 

Ethanol 100%/LR White (1:1) for 1h. 

Pure LR White for 3 x 1h (optionally overnight). 

Embedding in gelatin capsules. Fill up to the brim and cap the 

capsules in order to minimize contact with oxygen while 

polymerization occurs. 

(6) Polymerize briefly (12h maximum) at 50°C. The use of an 
accelerator, sometimes indicated in protocols, should in fact be 
avoided because when accelerator-curing the resin extreme 
exothermic reaction can damage the integrity of tissues. 
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1.4.3. Low-Temperature Resins 


The use of low-temperature resins was introduced in order to prevent 
the dehydration and impregnation damage which can occur for lightly 
fixed specimens and to minimize the loss of compounds. Tissues are 
kept cold during all steps and polymerized at low temperature (—20°C 
or even lower, down to —50°C) and under UV light. LR Gold, a non- 
toxic acrylic resin of low viscosity, was designed primarily for 
embedding unfixed tissues at low temperature. Lowicryl K4M, a highly 
cross-linked acrylate and methacrylate mixture, is more often preferred 
as a water-compatible polar embedding resin (Kellenberger et al., 
1987). 

For plant tissues, embedding in Lowicryl K4M can be carried out 
according to the original procedure (Carlemalm et al., 1982) with some 
minor modifications. 


Procedure for embedding in Lowicry! (1) Aldehyde-fixed and washed 
tissues are immersed in 30% methanol at —4°C for 15 min; (2) methanol 
70°C at —10°C for 15 min; (3) methanol 90° at —20°C for 30 min; (4) 
methanol 100°/Lowicryl (1/1) at —20°C for 60 min; (5) methanol 
100°C/Lowicryl (1/2) at ~—20°C for 60 min; (6) Lowicryl at —20°C 
overnight; (7) embedding using small capped gelatine capsules at 
—20°C; (8) polymerization for 5-7 days in a box covered inside with 
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Fig. 1.5. Arrangement of equipment for Lowicryl polymerization. Left, diagram of 
refrigerated specimen chamber with insulated lid and front removed: (a), pipe with 
slits to distribute cold gaseous nitrogen; (b), aluminium block to hold specimen tubes 
which contain small stirring magnets; (c), thermocouple; (d), variable-speed battery- 
operated electric motor which turns the magnetic stirring bar underneath the specimens. 
(From Whitehouse et al., 1984.) Right, diagram illustrating the setting where the 
polymerization of Lowicryl K4M (or GMA) is carried out. Four Philips fluorescent tubes 
TL6W/05 at 30 cm distance from the capsules are used. The box is placed in a deep 
freezer where temperature can be adjusted down to —20°C. (From Bendayan, 1984.) 


an aluminium foil, to reflect UV light in all directions (the blocks have 
to receive UV light on all sides). 

Lowicryl is prepared by mixing 4 g of the cross-linker, 26 g of the 
monomer, and 0-15 g of the initator (Chemische Werke Lowi GmbH, 
Germany). 

Commercial devices exist for Lowicryl embedding which give good 
results but are expensive. It is possible to build simple equipment 
(Fig. 1.5). 


1.4.4. Melamine (Nanoplast) and Other Resins 


The melamine resin Nanoplast was introduced by Bachhuber and 
Frosch (1983) as a new water-embedding medium for TEM. Figure 1.6 
shows elements of the resin network after polymerization. Because it 
can be sectioned extremely thinly, it provides aspects of structures at 
a level of resolution not hitherto available. It is also particularly suitable 
for dark-field and electron spectroscopic imaging of unstained molecules 
(Frösch and Westphal, 1989). 
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Fig. 1.6. Chemical framework of polymerized melamine resin (e.g. Nanoplast). Insert: 
monomer of melamine (aminoheterocyclic compound). (From Frésch and Westphal, 
1989.) 


Protocol for embedding in Nanoplast (1) Fixed specimens are washed 
and kept in buffer. (2) Without dehydration the specimens are put in 
flat moulds filled with the Nanoplast resin (10g MME + 0.20g of 
catalyst B52 are the proportions recommended for ultrathin sections). 
The specimens are orientated. (3) The moulds are placed in a desiccator 
(containing silica gel) and left dry for 2 days in an oven at 40°C. The 
moulds can be refilled with Nanoplast if necessary. (4) The moulds 
are removed from the desiccator and left to harden for 2 days at 60°C. 
(5) After trimming, sectioning can be started with a glass knife and 
ultrathin sections cut with diamond knives, using water as a collection 
liquid. 

Various alternative resins designed for specific applications have 
been described in the literature. However, the majority of developmen- 
tal work has been carried out on animal tissues (e.g. Capco et al., 
1984). Some of these may have potential use in plant cytochemistry 
(for example, Vestopal, Durcupan and Quetol) although standard 
protocols have yet to be developed. 
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Fig. 1.7. Correlative light and electron microscope data. Stem of bryony: (a), thick 
section stained with toluidine blue; (b), ultrathin section stained with uranyl and lead 
(x 940 and x 1130). Obviously direct continuity can help in the survey and the search 
at a given level. This possibility is often neglected; it saves time and material. n, nucleus 
with massive chromatin; l, large intercellular gas space; p, chloroplast; v, vacuole; w, 
cell wall. 


1.5. SECTIONING AND COLLECTING THE SECTIONS 


After curing, blocks are trimmed with a razor blade, and the area to 
be sectioned for observation is selected. In order to select the correct 
cells, especially when a precise orientation or level of differentiation 
has to be studied, both thick sections for survey by light microscopy 
and thin sections for TEM should be cut. This correlative light and 
electron microscopy is highly recommended. Figure 1.7 shows that the 
transition between both levels of observation is easy and useful. 


1.5.1. Preliminary Screening of Blocks by Thick Sectioning 


Survey preparations of thick (1-2 mm) sections (semithin sectioning) 
are cut either before or between thin sections. They are collected from 
the water surface of the trough of the ultramicrotome knife either with 
an eyelash mounted on a wooden applicator, with a small brush, or 
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by means of a plastic ring. The sections are transferred in a drop of 
water to a glass slide and are allowed to dry for a few minutes on a 
hot plate at 40-45°C. The semithin sections can be used for direct 
observation of the sectioned domains or for trials prior to ultrastructural 
labelling. 


1.5.1.1. Direct Observation 


The sectioned domains can be observed either by immediate survey 
by phase contrast or after staining. In the latter case, to avoid further 
detachment of sections, they should be dried overnight in an oven 
before staining or heat-sealed to the slide at 60°C. 

The most convenient, general and rapid staining is toluidine blue. 
The stain is made by dissolving 1g of toluidine blue and 1g of 
sodium borate (borax) in 100 ml of water (or in a 2% solution of 
sodium carbonate) and filtering. The solution is stable. For staining, 
one large drop of the solution is placed on the sections stuck on a 
glass slide. Staining is progressive and directly perceptible. Staining 
time is shortened if the slide is warmed on a hot plate (5-15 min at 
40-50°C, depending on the thickness of the section and the nature of 
the tissue). The stain is drained off and the slide rinsed with water 
(two successive immersions of 1-2 min in distilled water or rinsing 
with slow running tap water). The sections are allowed to dry at room 
temperature. 

Toluidine blue is a metachromatic stain (acidic structures are stained 
red or purple, others blue) which gives excellent results with regards 
to the topography of sections, and allows rapid identification of 
organelles within the cells. 

Another possibility for staining thick sections is the PAS method 
(periodic acid-Schiff reagent) for polysaccharides (see below). It can 
be associated with toluidine blue. 

Satisfactory and permanent preparations can be obtained in this 
way. They are high-standard substitutes for the paraffin section of 
classical histology. 


1.5.1.2. Trials Prior to Ultrastructural Labelling 


The development of affinity methods presents good opportunities 
for the combination of structural (LM) and ultrastructural (EM) 
observations. At the LM level this labelling has several advantages 
such as: first, the confirmation of the fidelity of localization by the 
survey of whole tissues at low magnification and, second, the ability 
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to utilize the same metallic markers on both LM and EM sections. 
It is possible to obtain LM permanent preparations of stained thick 
resin sections in mountants such as Canada Basalm, Eukitt or Mowiol. 


1.5.2. Thin Sectioning and Handling of Ultrathin Sections 


Once the area to be studied has been accurately checked, the specimen 
can be ultrathin sectioned. Since ultramicrotomy is directly dependent 
on the now highly automatized microtomes, and each type of 
equipment has its own users’ manual, it is not necessary to detail the 
methods used. For plant tissues which show heterogeneity and 
hardness, the use of a good diamond knife rather than glass knives is 
recommended (thinness, regularity of ribbons and reduction of tears). 

The collection of ribbons of sections is routinely made on copper 
grids. After embedding in epoxy resins, the ultrathin sections are 
usually strong enough to be observed in the EM directly on the grid, 
i.e. suspended over the holes of the grids with no additional support. 
Numerous types of copper grids are available. The aim is to optimize 
the stability of the ultrathin sections on grid bars and to obtain 
domains of observation as large as possible. The mesh size corresponds 
to the number of holes in the grids. Various shapes of holes 
(e.g. square, rectangular, polygonal) are commercially available. The 
hexagonal types increase stability by giving more supporting points 
to ultrathin sections. Slotted grids allow a continuous viewing of large 
cells or files of cells. If a ribbon of ultrathin sections appears unstable, 
an additional electron-transparent supporting film of collodion or 
formvar on the grids may be necessary. 

With cytochemical procedures, buffers (for example, Tris) or chemical 
treatments are often used which might be corrosive (oxidants) for 
copper grids. This problem can be overcome by using a transitory 
transfer system or a gold grid. 


1.5.2.1. Use of a Transitory Transfer System 


This is used for corrosive steps, after which sections are placed on 
ordinary copper grids. In this case sections have to be treated when 
collected from the microtome. The advantage of this procedure is 
double: it is cheap and, more importantly, the ultrathin sections are 
floating directly and freely on liquids, thus optimizing a close contact 
with reagents. Two kinds of transfer systems can be used: a platinum 
wire loop or a plastic ring. 
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Fig. 1.8. Preparation of plastic rings for collection of sections and final transfer onto an 
ordinary copper grid after flotation on reagents. This cheap procedure improves the 
contact of specimens with reagents, and conversely avoids the contact of the grids with 
corrosive chemical. 


Platinum wire loop Short lengths of a ribbon of ultrathin sections are 
picked up from the water surface of the trough of the ultramicrotome 
knife with the loop. They adhere to the meniscus of the drop of liquid 
kept in the loop and are transferred to the vial containing the reagent. 
When the loop is slowly dipped into the solution, the sections remain 
on the surface where they are left for the required time. During this 
time the same loop can be used for other sections. At the end of 
treatment, the sections are transferred in the same way to other 
solutions and finally deposited onto a copper grid. The loop is washed 
or flamed after use. The same loop is reusable many times. 


Plastic rings (Marinozzi, 1961) The rings are simply made from ordinary 
plastic sheet as shown in Fig. 1.8. They are handled with forceps and 
the sections are picked up and transferred onto the liquid surfaces as 
indicated above for the platinum wire loop. The rings are kept floating 
on the solution during the reaction period. Finally, the sections are 
deposited onto copper grids, a filter paper being placed on the edge 
of the grid. Plastic rings can be used many times after washing in 
ethanol. 

For these two procedures, ribbons of sections floating freely on 
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solutions are visible when observed with oblique illumination against 
a black background. 


1.5.2.2. Use of Gold Grids 


Grids of gold or other inoxidizable metals, instead of copper, can be 
used, the main advantage of which is that sections can be stored prior 
to further treatment and staining. The disadvantage is that they are 
rather expensive and very thin, and therefore fragile to handle and, 
later on, difficult to recover for reuse. 


1.5.3. Optional Removal of Resins 


In order to expose cellular structures and improve the contact with 
reagents, or to allow shadowing on sections (see Section 1.6.3), it is 
possible to effect an ‘etching’ by a partial or complete removal of the 
embedding medium after sectioning (embedment-free sections). The 
process depends on the nature of the resin. In all cases the grids have 
to be coated (with collodion or formvar) since the sections become 
very fragile. 


1.5.3.1. Procedure for removal of epoxy resin from sections 


Polymerized epoxy resins are soluble in sodium or potassium ethoxide. 
Easy and rapid protocols have been proposed. For example, Maxwell 
(1978) added to the mixture the solvent (propylene oxide) used for 
embedding: 


(1) Solution to remove Araldite and Spurr resins: 10 pellets of NaOH 
(approx. 1 g) are added to 10 ml propylene oxide. The solution 
is stirred on a magnetic stirrer (about 5 min) until at saturation 
a cloudy white precipitate is formed. 

(2) Solution to remove Epon: same preparation except that 20 pellets 
of KOH (approx. 2 g) are added to 10 ml absolute methyl alcohol 
and 5 ml propylene oxide. 

(3) Thick sections stuck to a glass slide (leave in oven overnight) 

are allowed to act with the solution at room temperature for 

about 2 min (case of Araldite) or 5 min (case of Epon). Residual 
resins are removed with alcohol and sections are washed in 
running water before further treatment. 

For ultrathin sections (collected on formvar-coated grids) the 

mixture has to be diluted (about 10-fold) and the treatment must 

not exceed 1 min. 


~ 
Ja 
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Procedure for removal of resin from sections embedded in methacrylate 


(1) Spread the sections floating on the trough of the microtome with 
chloroform vapour. 

(2) Collect the sections on formvar-covered grids and place the grids 
with the sections upwards on a filter paper in a Petri dish (the 
paper must be larger than the dish to prevent movement). 

(3) Run the solvent (amyl alcohol) under the edge of the filter paper 
with a pipette. 

(4) Replace the cover. 

(5) After 2-5 h of contact, remove the amyl alcohol by pipette. 


All the manipulations must be carried out without any shaking; 
shaking will cause the sections to disperse in the solvent. 


1.6. REINFORCEMENT OF CONTRAST FOR ELECTRON 
MICROSCOPY 


1.6.1. The Techniques 


The contrast of cellular structures after aldehyde fixation, and even 
aldehyde—osmium fixation, is generally poor. Three basic methods can 
be used to increase the contrast in specimens. (1) The commonest 
method is the incorporation of heavy metals (strongly opaque to 
electrons) onto sections: this is a positive staining. (2) Metal shadowing, 
or shadow-casting is sometimes used. (3) If the specimen is small or 
in suspension it can be mounted in an electron-opaque medium, 
giving rise to a negative staining. Figure 1.9 compares these processes 
schematically; Fig. 1.10 demonstrates their use in preparations of 
cellulose microfibrils. 

The stain may be only morphological or topographical, as in the 
case of the widely used uranyl and lead salts. It becomes more specific 
when defined chemical reactions are produced: this is the purpose of 
cytochemistry. In this chapter, detailed descriptions will be given 
specifically for polysaccharides due to their abundance in plant cells. 
In order to expose the texture of such compact components, it may be 
useful to undertake a mild extraction, giving rise to a subtractive 
localization. The following examples illustrate the variety of available 
staining procedures. 
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(a) (b) (c) 


Negative staining Positive staining 
labelling 
cytochemistry 


Fig. 1.9. Three different modes for visualization in TEM. (a) Specimen laterally vaporized 
with metal under vacuum. (b) Specimen surrounded by an electron-opaque air-dried 


stain. (c) Contrasted reagent linked by some way to the specimen (compare with 
Fig. 1.10). 


Fig. 1.10. Illustration for a cellulose fraction of the three modes of visualization shown 
in Fig. 1.9. (a) Shadow-casting with platinum. (b) Negative staining with phosphotungstic 
acid (PTA). (c) Positive staining (binding of a lectin UEA-gold complex). 
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1.6.2. Routine Staining: Uranyl! and Lead Salts 


For morphological purposes, two-step staining using uranium (if not 
used as an in-block stain) and lead salts (Reynolds, 1963) gives excellent 
results with plant materials. Each of the two stains can be used alone, 
but the result is usually improved when they are used sequentially as 
follows. 


First step: treatment with uranyl acetate The sections are floated (or 
immersed) for 10-30 min on a solution of 1-2% aqueous uranyl acetate 
(or in 70% ethanol) which is filtered before use. The staining solution 
is stable for 1-2 days and is used in the dark, e.g. in vials wrapped 
in aluminium foil. After treatment, the grids are washed with water. 
The staining can also be performed in block during dehydration, as 
previously indicated. 


Second step: treatment with lead citrate Lead citrate is prepared from 
lead nitrate. The following three stock solutions are prepared and kept 
in the refrigerator: solution A: trisodium citrate (Na3C,H;O,7. H,O), 
37:7 g to 100 ml water; solution B: lead nitrate (Pb(NOs),), 33-1 g to 
100 ml water; and solution C: 1N NaOH, 4 g to 100 ml water. 

A few hours before use, the final staining solution is prepared by 
mixing in the following order: 16 ml water; solution A (stir); 2 ml 
solution B (milky opalescence, stir to homogenize); and 4 ml solution 
C (precipitate dissolved). The mixture is left in a test tube for 
decantation (or centrifugation) and the upper part of the tube pipetted 
for staining. To prevent the formation of lead carbonate as precipitate, 
the staining solution should be kept sealed from atmospheric carbon 
dioxide. For staining, drops of the staining solution are pipetted onto 
a wax surface (piece of parafilm or dental wax) in a Petri dish. Pellets 
of KOH placed in a small container constitute a trap for CO. One 
grid with sections downwards is placed on each drop with forceps 
and the Petri dish is covered (Fig. 1.11). The average time for staining 
after glutaraldehyde—OsO, fixation is 4-5 min. If this treatment leads 
to overstaining, the time is reduced to 2-3 min and the staining 
solution diluted 1:5 to 1:1000 with 0-:01n NaOH and with water 
(1-10 min). Grids are then washed thoroughly by transferring sequen- 
tially to 4-5 drops of filtered distilled water for 1-2 min each drop. 
Finally grids are allowed to dry on a filter paper and are then ready 
for observation. 

This post-staining (Fig. 1.12) increases the contrast of membranes 
(the stain is non-selective for different cytomembranes), ribosomes 
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Fig. 1.11. Trap for CO, during lead citrate staining. 


and nuclear materials. The protein matrix and lipid droplets are also 
visualized, although cell walls and starch granules remain poorly 
contrasted and details of their substructure are not apparent. 


1.6.3. Shadowing and Negative Staining 


Shadowing can be carried out on sections (after complete or partial 
resin removal). It is also possible to shadow small specimens directly 
deposited on grids. The grids must be formvar- or collodion-coated. 
The spreading technique can still give valuable data and is useful 
when immediate controls are required, such as checking organelle 
pellets after cell fractionation. 

The images obtained are very contrasty and sharp; thus, observation 
of fine morphological detail is possible. Numerous shadow-casting 
methods have been published for DNA and cell walls, in particular 
for cellulose microfibrils. By this technique the contrast generated is 
very good but, since the procedure requires prior maceration in order 
to reveal the substructure (i.e. extraction of the wall matrix), the 3-D 
interpretation of texture must be prudent. Shadowing is carried out 
by unidirectional or rotary dry metal (gold, platinum) vaporization 
onto the grids under vacuum. 
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Fig. 1.12. Electron micrograph resulting from the basic procedure: double fixation 
(glutaraldehyde, osmium tetroxide); embedding in Epon—Araldite mixture; positive 
staining (uranyl acetate—lead citrate). Apical meristem of pea root. Nucleoproteins and 
cytomembranes are heavily contrasted, whereas starch (s) and cell wall (w) remain 
electron transparent; n, nucleus, nu, nucleolus; m, mitochondria; p, plastid; v, young 
vacuole (x 9000). 


Negative staining is usually performed on specimens in suspensions. 
Many different methodologies have been developed for negative 
staining. Here we will describe a simple and rapid grid technique. 
For staining, a drop of the stain is added to the grid prior loaded with 
the suspension of specimen, and the two liquids are gently mixed 
with a pipette. A new pipette is used for each grid to prevent 
contamination of the stock staining solution or confusion of the 
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samples. Alternatively, the suspension of specimens and the stain can 
be mixed before deposition on grids, but the results are not usually 
as good. The mixture is allowed to settle on the grid for 5-20 s before 
withdrawing excess liquid with a piece of filter paper touched to the 
edge of the grid. After drying, the grid is ready for observation. 


Preparation of solution for negative staining The stain consists of 2% 
aqueous phosphotungstic acid with the pH adjusted to 65-75 with 
KOH or NaOH. Other possible stains include 1-2% uranyl acetate, 
uranyl formate, ammonium molybdate and sodium silicotungstate. 
The solution is stored in a refrigerator. 


1.6.4. Cytochemistry, Uses and Limits 


The purpose of ultrastructural cytochemistry is to perform in situ, 
specific and defined chemical reactions at the level of organelles and 
other cellular components in order to specify their composition or 
activity. This approach introduces numerous technical and methodo- 
logical problems. Among the difficulties which have to be overcome 
are the following: 


(1) Visualization. At least one of the products of the final reaction 
has to be opaque to electrons, i.e. to contain heavy metal atoms. 

(2) Resolution. The final electron opaque product must be both 
insoluble and fine enough to allow precise localization at the 
ultrastructural level, and must not diffuse from the site of reaction 
(to avoid false localization). 

(3) Accessibility. The reagent must have free access to cellular 
structures (this is often limited by the hydrophobic nature of 
the embedding resin). 

(4) Preservation. Reactions used have to be gentle enough to ensure 
the preservation of cell ultrastructure. 

(5) Specificity and interpretation. It is desirable that the mechanism 
of the chemical reaction studied is simple and well-defined. This 
implies rigorous controls and a good understanding of the actual 
chemical groups which are cross-reacted. 


Besides specific cytochemical tests such as the PATAg test for 
polysaccharides which will be chosen as a current example, certain 
empirical procedures may give selective and reproducible results. 
Despite being chemically poorly understood, these indicative stains 
or signaletic stains are often very useful to selectively visualize local 
differentiation. 
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Fig. 1.13. Staining of polysaccharides. After a common periodic oxidation (HIO,) of the 
vic-glycols (a). In light microscopy, the aldehydes are visualized by the Schiff’s reagent 
(PAS) (b). In electron microscopy the aldehydes are incorporated in a silver complex 
(PATAg) (c). 


1.6.5. PATAg Test for Polysaccharides 


This test is derived from the PAS method (periodic acid—Schiff reagent) 
of classical histology. It is carried out in two steps: First, a treatment 
with periodic acid specifically oxidizes vic-glycols (vic for vicinity; 
glycol: free alcohol group on sugar) into aldehydes (see Fig. 1.13). 
Under defined conditions, periodic oxidation does not pass the 
aldehyde state and does not break the cyclic structure of sugars. This 
point is essential and explains why periodic acid is preferred to other 
oxidants, the oxidative action of which is less selective. The second 
step is the visualization of the created aldehyde groups by Schiff’s 
reagent (solution of pararosaniline previously decolorized with SO3). 
This produces a bright red complex (notice that in another well-known 
test, the Feulgen’s reaction, the reagent is the same but the first specific 
step is a hydrolysis and not an oxidation). 

Various attempts have been reported for applying the PAS at the 
ultrastructural level. The first specific step (periodic oxidation) remains 
the same but in the second step (visualization), the final red stain is 
substituted by the production of a complex opaque to electrons, i.e. 
comprising a metal. Thiocarbohydrazide (TCH) and thiosemicarbazide 
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Fig. 1.14. Chemical mechanism of the PATAg test. (1) Specific oxidation by periodic 
acid. (2) Condensation of produced aldehydes with TCH. (3) Final visualization with 


silver proteinate. 


(TSC) were introduced by Seligman et al. (1965) as osmiophilic reagents 
for demonstrating aldehyde-containing macromolecules produced by 
periodic acid oxidation. Thiery (1967) made TCH or TSC visible by 
silver proteinate and called the technique the PATAg test (for periodic 
acid-thiocarbohydrazide-Ag proteinate). The final reduction produces 
opaque silver grains on reactive structures (Fig. 1.14). Roland and 
Sandoz (1968) were the first to show that, when applied to plant cells, 
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very fine positive details were visualized in Golgi derivatives, plastids 
(starch) and cell walls. The good reproducibility of the technique 
combined with the sharpness of the silver grains has resulted in the 
PATAg reaction becoming a standard cytochemical test. 


First step: periodic acid oxidation and control The treatment is carried 
out on ultrathin sections and gives especially good results with material 
embedded in epoxy resins after a glutaraldehyde—OsO, fixation. The 
sections are collected on gold grids, in platinum wire loops or in 
plastic rings and are floated for 20-30 min on 1% periodic acid before 
washing carefully on water. This treatment oxidizes the free glycols 
and bleaches the sections (removal of osmium). 

Controls for the selectivity of the periodic oxidation are performed 
by substituting the periodic acid treatment by an oxidation with H,O, 
(float the sections for 20-30 min on 5-10% H,O,). The treatment 
removes osmium (bleaching) but does not specifically oxidize vic- 
glycols. After the subsequent visualization, polysaccharides will not 
cross-react. If other compounds (e.g. argentophilic structures) are 
visualized they have to be subtracted from the results obtained after 
the periodic acid oxidation. 


Second step: visualization of the aldehyde groups with silver complex 
After periodic oxidation and washing on water, the sections are floated 
successively at room temperature on: (1) 02% TCH or TSC in 20% 
acetic acid for 3-4 h (or overnight) (e.g. 2 ml acetic acid + 0-02 g TCH 
(or TSC) adjusted to 10 ml with water); (2) an aqueous solution of 
acetic acid with decreasing concentration for 30 min; (3) water for 
30 min; (4) 1% aqueous silver proteinate (in the dark; the stain must 
be made at least 12h before use) for 20-30 min; and (5) water, two 
washes of 10 min. Sections are mounted on grids (if platinum loops 
or plastic rings are used; see Section 1.5.2) and allowed to dry. 


1.6.5.1. Results and Interpretation 


The PATAg test is easy to apply to a great variety of problems, and 
the technique does not present any technical or practical difficulties. 
The cause of failure is often due to the source of silver proteinate. 
Experience shows that the best results are obtained with silver 
proteinate commercially available under the trade name Roques. 

The response (dense deposit of silver grains) is positive for many 
kinds of carbohydrates. Figure 1.15 shows the result for cells with 
thick storage cell walls. In this case the main reactive component is a 
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xyloglucan (amyloid). The molecule is built with a B (1-4) glucan 
backbone and lateral chains with xylosyl residues attached to the 2- 
position of the glucosyl residues and terminal galactose. Both backbone 
and lateral chains are sensitive to periodic oxidation due to the 
presence of vic-glycols. 

The PATAg test provides a good opportunity to comment on the 
importance of interpretation of a positive or negative result of a 
cytochemical technique. Do not interpret more than the chemical 
reaction allows. This rule is sometimes underestimated. Yet, this is an 
important point as the credibility of cytochemistry can be questioned 
(the difference between a simple contrast and an actual test). For 
example, most plant cell polysaccharides present numerous C,-C, 
linkages between sugars and many vic-glycol groups which are 
accessible to a periodic oxidation. But certain polysaccharides can be 
substituted by a lateral chain on one of the OH groups. In addition, 
linkage of the glucidic chains can be variable: a C,-C; bond, for 
example, leaves no vic-glycols. The PATAg would in this case be 
negative despite a true polysaccharidic nature of the product (Fig. 1.16). 
It is only by first estimate that the PATAg-positive response allows 
the conclusion ‘polysaccharide-rich’. More precisely, the test reveals 
the ‘presence of vic-glycols’. This is not exactly superposable. It is, in 
fact, necessary to distinguish borderline cases (Fig. 1.17). 

These remarks do not reduce the value of the technique. They 
emphasize the importance of always taking into account both the 
mechanism of the reaction and the chemical structure of the compound 
studied. They also show the importance of a good prior knowledge of 
the specimen. This is why controls are imperative and must be carried 
out for each procedure and include the blocking of reactive chemical 
groups, extractions, and the omission or modification of critical steps 
in the technique. 


1.6.6. Indicative Stains 
1.6.6.1. Staining of Acidic Groups 


It is easy to detect free acidic groups, such as carboxyl, sulphate and 
Phosphate. These will bind electrostatically with positively charged 
metals such as colloidal iron and cationized ferritin. The reaction can 
be carried out either in blocks (penetration is often poor and significant 
only on the surface) or on sections (after embedding in GMA or other 
hydrophilic resins or de-embedded epoxy-embedded section). 


Procedure for acidic compounds staining In order to obtain the best 
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Fig. 1.15. Illustration following a PATAg test. Cotyledon of tamarind seed. The 
polysaccharides react strongly: starch in the plastids (p) and the cell walls (w). The latter 
are specially thick and massive, being hypertrophied by storage of xyloglucan; n, 
nucleus (x 4000). 
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Fig. 1.16. Contrasting response of polysaccharides to the same cytochemical PATAg 
test. (a) 1-4 linkage, numerous vic-glycols available and possibility of strong reaction. 
(b) 1-3 linkage, no vic-glycol available except the terminal, and thus almost no possibility 
of periodic oxidation and no visible reaction. 
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Fig. 1.17. Interpretation of a cytochemical test. Example of detection of polysaccharide 
via a periodic acid oxidation. (1) Polysaccharides with positive reaction (the great 
majority). (2) Polysaccharides with negative reaction, callose and related 1-3 glycanes. 
(3) Non-polysaccharidic compounds with positive reaction (certain lipids). (4) Non- 
polysaccharidic compounds with negative reaction (the great majority). 


ionization, the procedure is performed in an acidic medium (acetic 
acid 12%). The specimens are floated on water followed by 12% acetic 
acid, and then on the reactive (solution of 1% colloidal iron or 
cationized ferritin in 12% acetic acid). Washings are performed with 
increasing dilutions of acetic acid. The duration of the different steps 
has to be adapted to the specimen (ca. 2 min). 
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1.6.6.2. PTA and STA Stains 


Besides the specific visualization of defined chemical groups, some 
staining reactions, selective for certain structures, exist although the 
mechanism is complex or remains unknown (indicative stains). 
Examples are the phosphotungstic acid (PTA) or silicotungstic acid 
(STA) stains, both used at low pH. They are typical of contrasting 
agents which can be useful when used in defined conditions, despite 
the controversy about the staining mechanism. 

PTA has been used to detect carbohydrates and glycoproteins in 
animal cells. The effectiveness of staining is pH-dependent and 
decreases above pH 3 (Pease, 1970). Solutions are acidified with either 
HCI or chromic acid. For plant cells, PTA used at low pH after either 
GMA, methacrylate or epoxy resin embedding, was found to be a 
selective stain for the plasma membrane and its precursors (Roland 
and Vian, 1971; see also Morré, 1990). Other cytomembranes were not 
contrasted at all. As recently claimed by Widell and Larsson (1990), 
this is probably the most reliable plasma membrane marker, and the 
only one which permits a direct assessment of the purity of an isolated 
fraction. The test was used to follow the membrane differentiation 
process across the Golgi stack during secretion and exocytosis 
(Fig. 1.18a). The results are not significantly different when acidification 
is produced by hydrochloric acid or by chromic acid. 


Procedure for PTA or STA staining The staining solution is made by 
dissolving 1g of STA or PTA either (a) in 100 ml of 10% aqueous 
solution of chromic acid or (b) in 100 ml 10% hydrochloric acid. The 
solution is stable and is stored in the refrigerator. If osmium fixation 
has been performed, sections are first floated for 20 min on 10% H20, 
(or 1% periodic acid) for bleaching. For staining, the sections are 
floated for 2-15 min at room temperature on the solution and rinsed 
twice for 2 min on water. 


1.6.6.3. Other Indicative Stains 


Tannic acid, when used optionally with fixatives (see Section 1.3.4), 
will selectively enhance the contrast of another major membrane, the 
tonoplast (Fig. 1.18b). 

Used in standardized conditions, selective stains can give valuable 
reproducible results. They can help to diversify intracellular contrast 
and to visualize local or temporal differentiations, especially along the 
complex traffic of the endomembrane flow. A demonstration is given 


t 


Fig. 1.18. Indicative stains. Illustration for cytomembranes. (a) Plasmalemma (pm) and 
related membranes (secretory vesicles), PTA (phosphotungstic acid)-positive. Others 
remain PTA-negative. Pea rootcap. v, vacuole; t, tonoplast; G, Golgi stack. (b) Tonoplast 
electively reinforced by tannic acid added to the fixative. Uranyl and lead staining; sv, 
secretory vesicles; w, cell wall; l, osmiophilic lipid droplet. 
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by the simple comparison of the two micrographs shown in Fig. 1.18. 
Other procedures of this type will be detailed in Chapter 2 (for 
example, osmium-zinc iodide impregnation). 


1.6.7. Extractions and Subtractive Localization 


Subtractive methods have been developed for two main purposes. 
(a) To diversify cytochemical reactions and to improve or control their 
specificity. Sites where the extracted compounds were present appear 
‘empty’ in comparison with the unextracted controls. (b) To expose 
the textural subunits from a compact association (particularly useful 
for cell walls). Subtractive localization increases the chance of chemical 
identification of the components and permits analysis of their 
distribution. Extraction is either chemical or with enzymes. The 
treatment is performed either in block or on sections. Maximum 
information is obtained when extraction is coupled with biochemical 
analysis of the solubilized material. 


1.6.7.1. Extractions Performed on Sections 


Sections are floated on the extraction solution. When specimens are 
embedded in water-soluble media, a wide variety of extractions are 
possible. For example, digestion of the B-glucans of the cell wall, 
compounds known to be highly resistant, is obtained by floating 
sections on a 1% aqueous solution of cellulases and/or hemicellulases 
for 3-15 h. After embedding in epoxy resins, extraction techniques are 
more limited, although various digestions are still possible. The easiest 
compounds to hydrolyse are undoubtedly the starch from plastids and 
the glycogen from fungi, which are completely removed when the 
sections are floated for a few minutes on 1% a-amylase. When epoxy- 
embedded sections are floated directly on different enzyme solutions, 
regardless of the type of fixation, hydrolysis of proteins and RNA is 
also possible after oxidation. 


Procedure for subtractive localization (1) Fixation, embedding and 
sectioning. (2) Preliminary moderate oxidation (optional). Sections are 
floated for 10-30 min on either H,O, (1 drop of 110 vols HO, + 9 
drops water) or 1% periodic acid. (3) Digestion by flotation on enzyme 
solutions (e.g. pronase, RNAase, amylase, cellulase). The enzyme 
concentrations are in the range 0-1-1%, with the pH adjusted to the 
optimum for enzyme activity. Incubation is carried out between room 
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temperature and 40°C for periods of 5 min-24 h. (4) Wash with water. 
(5) Stain. 

Controls are, of course, imperative. They consist of sections floated 
for the same duration on buffer or, preferably, on the denaturated 
enzyme. 

Sequential extractions may be performed by sequential use of 
hydrolytic enzymes as exemplified by the pioneer work of Palevitz 
and Newcomb (1970) who used, in succession, a-amylase (which 
cleaves a(1-4) linkages) and pullulanase (which cleaves a(1-6) linkages) 
in order to analyse the structure of the unusual and highly branched 
starch in sieve-tube plastids. 


1.6.7.2. Extractions Performed in Block 


Mild extraction is recommended to reveal progressively compounds 
in a complex and dense assembly. With cell walls, for example, 
progressive removal of the matrix is obtained with EDTA (ethylene- 
diamine-tetraacetic acid), DMSO (dimethylsulphoxide) or MeNH, 
(methylamine) which penetrate readily into the tissue blocks (Reis, 
1981-2). Enzymes, such as pectinases (Fig. 1.19 shows the action of an 
endopolygalacturonase) and hemicellulases, may also be used and the 
three-dimensional organization of the cell wall is progressively revealed. 
Fine details appear when additional cytochemistry is performed after 
extraction. 


Procedure for extraction in block (1) Aldehyde fixation and wash. (2) 
Incubation in extraction solution (chemical reagent or enzymic 
solution). Use large vials with enough liquid; shaking is recommended 
to facilitate infiltration of reagents and removal of extracted components. 
Avoid bacterial contamination if a long incubation time is required. 
The duration of extraction is highly dependent on the specimen (from 
hours to several days). (3) Wash thoroughly. (4) Optional: OsO, 
postfixation. (5) Dehydration, embedding and sectioning. (6) Stain. 

After extraction, the specimens are fragile and must be handled with 
care to avoid local damage. 

To date this is the only technique which permits access to the 
extraordinary hard tissues present in many parts of adult plants and 
which are still poorly studied, for example stone cells and hard woods. 
In such cases a prior extraction of lignin by sodium chlorite (10 g 
in 2ml acetic acid, 1h, 70°C, renewed if necessary) produces a 
disencrustment of harder components (Fig. 1.20). 
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Fig. 1.19. Exposure of the wall texture by selective extraction and cytochemistry. 
Epidermis of mung bean hypocotyl. (a) Control stained with PATAg. Massive reaction 
of the wall which is completely covered with silver grains. (b) Same staining but on 
specimen which has been incubated in endopolygalacturonase prior to embedding. The 
microfibrillar organization is revealed; pm, plasmalemma. 


To obtain maximum information from subtractive procedures, it is 
recommended that a parallel biochemical analysis of the products 
removed from the specimens is performed. Such analysis furnishes 
quantitative support for the in-situ study. With the progress of 
analytical methods (e.g. gas chromatography, high-pressure liquid 
chromatography, NMR analysis), very small amounts of products are 
sufficient for analysis. The coupling of structural and quantitative 
studies gives the possibility of reducing the gap that often remains 
between biochemistry and cytochemistry. 


1.7. ENZYME—-GOLD AND LECTIN-GOLD METHODS 
1.7.1. Principles 


Due to the technical limitations mentioned above, the detection of 
chemical groups by cytochemistry via covalent reactions is limited. 
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Fig. 1.20. Thin section of a very hard tissue. General view. Stony pericarp of hazel nut. 
The hardness of the tissue is due to the thickness and the lignification of the walls; 
embedding and sectioning are made possible by the combination of extractants (sodium 
chlorite, 5 x 1h, and methylamine, 4 days) and PATAg stain; ml, middle lamella.; pf, 
pit field; lu, lumen (x 3000). 
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The technique generally does not differentiate between compounds of 
similar structure or isomers of the same compound. Nor does it provide 
information on monomer sequences, the distinction of which has until 
now been outside the scope of available LM and EM cytochemical 
techniques. 

Affinity detection has opened new avenues for cytochemistry. The 
technique makes use of probes which have recognition sites specific 
for parts of macromolecules (e.g. monomers, sequences, basic motifs). 
Affinity methods use three main types of probes: lectins, enzymes and 
antibodies. The use of the latter will be the topic of another chapter 
(Chapter 5). We will consider here the possibility of using lectins and 
enzymes as new tools for detection, when bound to visible markers 
such as colloidal gold particles. 


1.7.1.1. Lectins 


These constitute a well-known category of macromolecules due to their 
property of agglutination of red blood cells (they are often called 
phytohaematoagglutinins). Indeed, these carbohydrate-binding (glyco)- 
proteins of non-immune origin show a remarkable capability for 
recognition which renders them a choice probe in several research fields 
(especially in medicine). Cytochemistry utilizes their capacity to recognize 
differences in complex carbohydrate structures and the ability to visualize 
them when bound to electron-opaque particles. The purification of 
numerous lectins has provided versatile new tools for topochemistry. 

A large number of lectins with different sugar-binding specificities 
has been isolated from plant sources (mainly beans of the Leguminosae) 
but also from animals (e.g. molluscs and fishes). The key reference in 
the field is the Concanavalin A (Con A) purified from seeds of 
Canavalia ensiformis which recognizes terminal a-glucopyranosyl and a- 
mannopyranosyl residues (Goldstein et al., 1978). It has been used, for 
example, to detect the glycocalyx coating the outer face of animal and 
plant plasma membranes. In recent years, the list of available lectins 
has rapidly increased giving a large spectrum of specific probes for 
sugars (Roth, 1983b; Benhamou, 1989). For plant cells the usefulness 
is rather more limited than for animal cells since, to date, no lectins 
are known for the identification of polysaccharides with linear B(1-4)- 
linked sugars, which are so frequent, especially in cell walls. Among 
the lectins most currently used are: 


(a) wheat-germ agglutinin (WGA) specific for N-acetyl glucosamine 
residues, used for localization of chitin and related compounds 
in fungal cells; 


1. General Preparation and Staining of Thin Sections 49 


(b) peanut agglutinin (PNA) and Ricinus communis agglutinin (RCA) 
for galactosyl residues; and 

(c) Ulex europeus agglutinin (UEA) and Lotus tetragonolobus aggluti- 
nin (LTA) for fucosyl residues; those lectins are useful for 
visualization of the site of linkages and migration of this 
important terminal sugar. 


Recently Benhamou et al. (1988) have purified from the gonad of the 
mollusc Aplysia a new lectin (AGL) which allows the detection of 
galacturonic acids. 


1.7.1.2. Enzymes 


These constitute another category of probes used for affinity localiz- 
ation. The method is based on the strong affinity which exists between 
an enzyme and its substrate. The enzyme-gold method was introduced 
in 1981 by Bendayan for medical purposes. Later on, the method was 
applied to plant cells (Vian et al., 1983; Ruel and Joseleau, 1984). 
Initially, Bendayan chose DNA-DNAase and RNA-RNAase as models 
to test this new approach, since the localization of the substrates had 
already been intensively investigated and much was known about the 
corresponding physicochemical properties of the nucleases. 

The principle of the method is that a given enzyme (mainly 
hydrolases), once tagged with a gold marker, keeps its affinity for the 
substrate, thus allowing a direct ultrastructural localization. The 
reliability of the technique is now well-established for macromolecules 
differing in nature and localization. 

For both lectin and enzyme complexes, controls based on competition 
in binding (saturation of sites, competitive inhibitors) are possible 
and increase confidence in the specificity of the labelling. 

Affinity probes can be used in a pre-embedding approach prior to 
or after fixation of the tissue (Horisberger, 1981). However, the 
postembedding approach, after sectioning, is generally preferred and 
will only be illustrated here. 

The technique involves the preparation of a gold colloid and its 
combination with the probe. With enzymes, the labelling is always 
one-step (direct technique), requiring a gold-tagging of the enzyme 
before its fixation on the substrate. The same procedure can be 
performed with lectins, but it is also possible and often more 
appropriate to proceed in a two-step or multistep labelling (indirect 
technique), the lectin recognition being practised before the labelling 
(Fig. 1.21). 
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Fig. 1.21. Different procedures for using enzymes and lectin as probes. 


1.7.2. Preparation of Gold Colloids 


The use of colloidal gold is not new, since it was used in the Middle 
Ages as a red colour for stained glass windows in cathedrals. For 
electron microscopy, it has two inestimable properties: an exceptional 
electron opacity and the possibility of controlling the size of the 
metallic spheres (1-150 nm) (Horisberger, 1983). 
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Gold particles are produced by the reduction of tetrachloroauric acid 
(HAuCl,). Many recipes have been proposed (Horisberger, 1981; Roth, 
1983a). Different reducing agents can be used: white phosphorus, 
ascorbic acid, sodium citrate, tannic acid. In the following procedure, 
sodium citrate is used in proportions calculated in order to produce 
particles about 15 nm in diameter (Frens, 1973). 


Procedure for obtaining 15-nm gold particles (1) Prepare 100 ml of 
0:01% tetrachloroauric acid (double-distilled water) in ultraclean (or 
siliconized) Erlenmeyer flasks; (2) heat to boiling; (3) add rapidly 4 ml 
of 1% sodium citrate; (4) keep gently boiling. The colour turns violet- 
purple, then after 5 min stabilizes at a reddish-orange colour (like 
young wine turning to old mature wine). 

Variations in the size can be obtained by changing the proportion 
of reducing agents: an increase of the volume of 1% sodium citrate 
will decrease the final size of the gold particles (for example, 6 ml of 
1% sodium citrate for 10 nm in diameter) and vice versa. 

The colloidal gold can be stored at 4°C for a few days as long as the 
colour remains stable and no visible aggregate appears. 


1.7.3. Coating Gold Particles with Probes (Enzymes or Lectins) 


Both enzymes and lectins are (glyco)proteins. The mechanism of 
protein adsorption onto the surface of the gold spheres is still not 
fully understood. Gold particles are negatively charged and adsorption 
is likely to be due to electrostatic interactions which are pH-dependent 
and also subordinate to the concentration of the protein. As in any 
colloid, the gold sol tends to flocculate in the presence of electrolytes, 
unless it has been ‘protected’. It is important to prepare all solutions 
with thoroughly cleaned (it can be siliconized) glassware and double- 
distilled and filtered water to prevent contamination of the colloidal 
gold and premature flocculation. In order to succeed in the binding 
of any (glyco)protein with gold colloids, two preliminary steps are 
necessary: 


(1) Adjustment of the pH of the gold colloid. The pH must be close to 
or basic to the isoelectric point of the protein. The pH adjustment 
is performed by adding 02M K,CO; to raise the pH, or 0:-1M 
acetic acid to lower it. For pH measurements care should be 
taken to protect the electrode, whose pores can be plugged by 
the colloid. Therefore, it is imperative to measure the pH on an 
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aliquot of the colloid to which two drops of 1% polyethylene 
glycol (PEG 20 000 Da) have been added. 

Estimation of the minimal amount of the probe necessary for the full 
stabilization of gold colloid. In a series of small tubes prepare 
500 wl of colloidal gold (at adjusted pH according to the probe); 
add in each tube 1001 of 10 serial dilutions (empirical) of the 
(glyco)protein in water (shake each tube); wait 3-5 min; add 
100 ul of 10% NaCl. The stabilization can be checked visually 
by observing changes in colour from blue (flocculated gold) to red 
(stabilized gold). It can also be estimated spectrophotometrically 
(Amaxd10-550 nm). The lowest amount of (glyco)protein which 
prevents the colour change is kept as the minimal concentration 
to be used. In fact a slight excess (about 10%) is calculated for 
the further preparation of the complex. 


~ 
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This step is particularly important. A too small amount of protein 
leads to a destabilization of the gold solution in the presence of 
electrolytes. Conversely and contrary to what would be imagined, a 
too high amount of protein is not favourable, an excess of free protein 
being competitive with that which is gold complexed. 


Preparation of the gold complex 


(1) Prepare a suspension of the protein (at the concentration 
calculated above) in 200 wl of distilled water. 

(2) Add 10 ml of colloidal gold (at adjusted pH) and homogenize. 

(3) After 3 min, optionally add 1% polyethylene glycol (PEG 20 000) 
to saturate uncoated gold sites. 

(4) Centrifuge for 30 min, at 4°C, at 60 000 g (increase both speed 
and duration when the gold particles are smaller). 

(5) At the end of centrifugation three phases can be recognized: a 

clear supernatant that contains free probes (non-complexed), a 

dark pellet that corresponds to flocculated uncoated gold particles, 

and a red mobile pool at the bottom of the centrifuge tube that 

corresponds to the usable gold—probe complex (Fig. 1.22). 

The centrifugation can be repeated twice and at the end the 

mobile sediment is resuspended in 2 ml buffer at pH adjusted 

to the pH of activity of the probe and containing 0-2 mg/ml PEG 

20 000. 


~ 
oN 
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The gold complex can be stored at 4°C. Enzyme-gold complexes should 
be used within 10-15 days after preparation. Lectin-gold complexes 
can be stored for longer times. 
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Fig. 1.22. Preparation of a gold complex for affinity methods (e.g. enzyme or lectin). 
Separation of the three phases obtained after centrifugation. 


1.7.4. One-Step Procedure: Direct Use of Probe—Gold Complex 


For enzyme-gold complexes this is the only way to label sections 
(Fig. 1.23a). 


Procedure for labelling with an enzyme—gold complex 


(1) Float ultrathin sections (collected on nickel or gold grids) for 
10 min on buffer (0-01mM PBS or other chosen buffer) adjusted to 
the optimal activity pH of the enzyme (in a moist chamber). 

(2) Transfer onto a drop of enzyme-gold complex and incubate for 
30-40 min at room temperature (in a moist chamber). 

(3) Wash several times in buffer (jet-washing with a mild spray of 
PBS is recommended). 

(4) Wash rapidly in distilled water. 

(5) Air-dry the grid. 

(6) Optionally stain the grids with uranyl acetate and/or lead citrate. 


Results can be improved by treating sections collected in plastic rings. 
The sections are then deposited onto a grid at the very end of the 
treatment. In all cases copper grids have to be avoided (risk of oxidation 
during the incubation with the gold complex creating metallic deposits). 
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Fig. 1.23. Affinity methods: lectins and enzymes. (a) Enzyme~gold technique. One-step 
(direct) labelling. Upon incubation, the enzyme molecules surrounding the gold particles 
interact with their specific substrate at the surface of the tissue section. (To make the 
diagram simpler, relative proportions have not been used). (From Bendayan, 1984.) (b 
and c) Lectin-gold technique. One- and two-step labelling. Direct technique: the lectin 
molecules already tagged to colloidal gold interact with sugar present at the exposed 
surface of the tissue section (b). Indirect technique: the unlabelled lectin first reacts 
with its corresponding sugar residue and then a gold-labelled protein interacts with 
the lectin (c). (From Benhamou, 1989.) 


Enzyme-gold labelling can be performed both for light and electron 
microscope observations. In light microscopy, the signal from the gold 
particles is too low to be perceived, but it can be amplified by the use 
of a controlled silver intensification (Danscher and Norgaard, 1983; see 
also Chapter 5) (Fig. 1.24). This correlative approach is very important 
in order to check the biological activity of the gold complex, and 
should be performed as soon as a new enzyme-gold complex is tried. 


Procedure for silver intensification in light microscopy 


(1) Semithin sections (de-embedded or not) are stuck on a glass 
slide. Slides with wells are suitable. Stick by leaving sections 
overnight in the oven rather than using any ‘glue’. 

(2) Sections are treated with the enzyme-gold complex and thor- 
oughly washed (see above). Sections are air-dried without any 
staining. 
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Fig. 1.24. Signal amplification. Photochemical silver intensification of the gold particle. 


(3) Each section is covered with two drops of silver enhancement 
mixture (one drop of initiator + one drop of enhancer from the 
silver enhancing kit, Janssen or Biocell). The silver enhancement 
process can be monitored under the microscope with bright- 
field illumination. Incubate for 6-10 min until a dark brown 
reaction appears. 

(4) Wash the preparation 2 x 5 min in excess distilled water. 

(5) Optionally counterstain the sections (1-3% Fast Green in 50% 
ethanol). 

(6) Wash and air-dry the section. 

(7) Mount in Eukitt. 


Figure 1.25 illustrates a labelling with a cellobiohydrolase on semithin 
sections (with silver intensification), ultrathin sections and isolated 
molecular fractions. 

For lectins, the one-step method is based on the same principles 
(Fig. 1.23b). 


Procedure for labelling with a lectin-gold complex 


(1) Float ultrathin sections on a drop of 001m PBS, pH 7-2-7-4, for 
10-20 min. 

(2) Transfer onto a drop of lectin-gold complex and incubate for 
30—40 min (at room temperature in a moist chamber). 

(3) Wash several times in buffer (optional jet-wash). 

(4) Wash rapidly in distilled water. 

(5) Air-dry the grid. 

(6) Lightly contrast the grid. 


Fig. 1.25. Same probe for three levels of detection. Cellobiohydrolase-gold complex for 
visualization of cellulose. Mung bean hypocotyl. (a) Thick section. Reinforcement of the 
gold labelling by silver intensification: ep, epidermis; st, stomate; cp, cortical parenchyma 
(x 640). (b) Ultrathin section. At the junction of parenchyma cells, labelling is seen over 
the wall. Note the concentrically aligned disposition of gold particles according to layers 
(arrows) (x 12 000). (c) Molecular fraction. Cellulose microfibrils are decorated with the 
gold complex (x 64 000). Part (c) is reproduced by courtesy of D. Reis. 
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Different controls are necessary in order to check the specificity of 
the labelling for both enzyme-gold and lectin-gold complexes. Among 
several possibilities, the following are recommended (Bendayan, 1984; 
Benhamou, 1989): 


(a) incubation with a probe-gold complex to which the correspond- 
ing target (substrate or sugar) is added prior to incubation; 

(b) incubation with a probe-gold complex prepared at extreme pH 
(far from the optimum activity of the probe); 

(c) incubation at 4°C; 

(d) incubation with a gold complex prepared with non-active or 
inhibited probe; 

(e) incubation with another gold complex (BSA-gold, oval- 
bumin-gold, PEG-gold); 

(f) incubation with an unlabelled probe followed by incubation of 
probe-gold complex. 


1.7.5. Multistep Procedures for Lectins 


In this case, the probe is used in a first step still unbound to gold 
(Fig. 1.23c). Among the advantages of the multistep procedure are an 
economy of the probe when highly purified and a reduction of the 
steric hindrance due to probes bound to colloidal particles. 


1.7.5.1. Two-Step Procedure for Lectin—Gold Labelling 


First step: binding of the lectin to tissue section (1) Float the section on 
a drop of 0:01m PBS, pH 7-2, for 10 min; (2) transfer to a drop of 
unbound lectin in PBS, for 30-40 min; (3) wash in PBS (jet-wash). 


Second step: visualization The lectin can be recognized by another 
gold complex glycoprotein, the latter being chosen for its affinity for 
the lectin understudy. Different glycoproteins can be used depending 
on the lectin: ovomucoid or BSA for revealing WGA, peroxidase for 
revealing Con A, all commercially available. 

In all cases the sections are floated on the glycoprotein-gold complex 
diluted in PBS, for 30-40 min at room temperature. Then incubation 
grids are thoroughly washed with PBS, then rapidly with distilled 
water, and air-dried before staining. 
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1.7.5.2. Three-Step Procedure for Lectin-Gold Labelling 


In certain cases a three-step procedure may be preferred, which takes 
advantage of the specificity of antibody anti-lectins. 


First step: binding of the lectin to the tissue section See above. 


Second step: binding of an anti-lectin antibody (now commercially 
available (1) Grids are floated on the antibody, in appropriate dilution 
in PBS, for 30-40 min at room temperature; (2) grids are thoroughly 
washed in PBS. 


Third step: visualization This step is similar to an immunocytochemical 
procedure (see Chapter 5). (1) Grids are transferred to a drop of a gold 
probe recognizing the antibody (protein A-gold, protein G-gold, gold- 
labelled second antibody) diluted in PBS, for 30-40 min at room 
temperature; (2) grids are thoroughly washed in PBS, rapidly rinsed 
with distilled water, and air-dried before staining. 


With such methods a great number of controls can be used which 
interact with either the first step, the second or third step. 


1.7.6. Double Labelling and Combination of Procedures 
1.7.6.1. Principles 


It is possible to target two or more macromolecules in the same section. 
For this it is necessary to clearly identify the markers respective for 
each probe or for each reaction. This can be done: 


(a) In order to associate affinity methods (lectins, enzymes or 
antibodies), by the simultaneous use of one probe visualized by 
a gold marker and of another probe visualized by another kind 
of marker, such as enzymic reaction product (Gu et al., 1981). 

(b) In order to associate affinity probes, by the simultaneous use of 
different particle size gold sols which are clearly recognizable 
(Bendayan, 1982). Double or even multiple labelling was 
developed mainly for immunocytochemistry (see Chapter 5, and 
Beesley, 1989). Theoretically, multiple labelling may be also 
achieved using any technique described in Section 1.7.4 or 1.7.5, 
i.e. any combination of enzyme-gold and/or lectin-gold probes. 

(c) In order to associate one affinity method with a cytochemical 
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Fig. 1.26. Association of an enzyme-gold labelling with a cytochemical test obtained 
by double face staining using the transitory transfer method. Rootcap of maize during 
the production of extracellular slime. Cellobiohydrolase-gold labelling followed by 
PATAg staining. The gold particles (large size and high electron density) label the 
cellulosic layer which is crossed by conspicuous PATAg-positive but non-cellulosic 
slime (X 18000). Courtesy of S. Roy. 


test. An example is given in Fig. 1.26 where an enzyme-gold 
labelling is associated with the PATAg test, in order to give 
contrast to polysaccharide structures. The PATAg test can be 
used provided that the size of silver and gold particles is different 
(15 nm gold particles are a reasonable size). This association is 
possible because the electron opacity of gold particles is much 
higher than that of silver ones. 


1.7.6.2. Procedures 


Whatever the technique used, a limiting factor that remains is the 
possible interactions between probes and the markers (cross-reactions, 
contaminations between reagents). One way to overcome that is to 
use a double-sided technique. According to Bendayan’s procedure 
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(Bendayan, 1982), the sections are collected on uncoated nickel grids. 
One face of the grid is completely exposed to the first probe system, 
whereas on the other face, sections are exposed only between the bars 
of the grid to the second probe system. 

An improvement of the technique consists in the collection of sections 
with plastic rings (S. Roy, personal communication). This makes 
advantage of the use of plastic rings as a transitory transfer system. 


Use of transitory transfer system for combination of procedures Example 
of the procedure used for Fig. 1.26. First staining (enzyme-gold 
labelling): (1) sections are collected in plastic rings and treated with 
the enzyme-gold complex as in Section 1.7.4; (2) rings are thoroughly 
washed by transfer 3 x 10 min on distilled water; (3) sections are 
deposited onto a gold formvar-coated grid. Second staining (PATAg): 
grids are floated upsidedown and treated according to the procedure 
described in Section 1.6.5. 

Due to the popularity of colloidal gold techniques and to the 
development of multiple probes, it is clear that these approaches will 
become routine techniques to differentiate targets in sections. 


1.8 PROCEDURES 
1.8.1. Preparation of Common Buffers 
0-1M Cacodylate Buffer 


02M Stock solutions: Solution Ic: 428g of sodium cacodylate 
(Na(CH3),AsO,. 3 H2O made up to 100 ml with water). Solution IIc: 
0:2N HCI (20 ml 1 N HCI to 100 ml water). Buffer solution: mix solutions 
Ic and IIc in the following proportions (ml) and add the corresponding 
distilled water volume: 


Table 1.1. 

pH 6.4 6.6 6.8 7 Td 7.4 
Solution Ic 50 50 50 50 50 50 
Solution IIc 18.4 13.4 9.4 6.4 4.2 2.8 


Water 31.6 36.6 40.6 43.6 45.8 47.2 
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0-2M Phosphate Buffer (PB) 


Stock solutions: Solution Ip: 02M monobasic phosphate (2°83 g 
NaH.PO, or 3-12 g NaH2PO,. 2H2O in water to make 100 ml). Solution 
IIp: 0-2m dibasic phosphate (3-56 g NaszHPO,. 2H20 or 5-36 g NazHPO,. 
7H,O or 7:16 g NagHPO,.12H,O in water to make 100ml). Buffer 
solution: mix solutions Ip and IIp in the following proportions (ml): 


Table 1.2. 

pH 6.4 6.6 6.8 7 7.2 7.4 7.6 7.8 
Solution Ip 36.7 31.2 25.5 19.5 14.0 9.5 6.5 4.5 
Solution IIp 13.2 18.7 24.5 30.5 36.0 40.5 43.5 45.7 


0-01M Phosphate Buffer Saline (PBS) 


PB stock: Mix solutions Ip and IIp in proportions indicated above for 
a desired pH and complete to 100 ml with distilled water (0-1mM PB 
stock). PBS: 0:01M PBS is obtained by the following: 0-1m PB stock 15 
ml; distilled water 137 ml; NaCl 1:3 g. 


0-05M Tris Buffer Saline (TBS) 


Tris-HCl buffer: Stock solutions consist of 0-2M Tris (hydroxymethy]l)- 
aminomethane (2:42 g in 100 ml of water) and HCI 0-1N (0-83 ml HCI 
in 100 ml of water). Mix as indicated below. 


Table 1.3. 

Tris HCl Distilled Tris HCl Distilled 

02M 0-IN water 02M 0-1N water 
pH (ml) (ml) (ml) pH (ml) (ml) (ml) 
7-19 10 18 12 8-23 10 9 21 
7:36 10 17 13 8-32 10 8 22 
754 10 16 14 8-41 10 7 23 
7:66 10 15 15 8-51 10 6 24 
7:77 10 14 16 8-62 10 5 25 
7:87 10 13 17 8-74 10 4 26 
7:96 10 12 18 8-92 10 3 27 
8-05 10 11 19 9-10 10 2 28 
8-14 10 10 20 


TBS: 0-05m Tris-HCl + 0:9% NaCl. 


62 J.C. Roland and B. Vian 


1.8.2. Preparation of Fixative Mixtures 
Buffered Glutaraldehyde Solution for Prefixation 


Glutaraldehyde (EM grade) is available in solution at 8, 25, 50 or 70% 
and is directly usable for fixation (values are in ml): 


Table 1.4. 


Required concentration of glutaraldehyde (%) 1 25 4 65 


Buffer 0:2m at the required pH 


(final molarity: 0-1m) 25 25 25 25 
Commercial 25% glutaraldehyde 2 5 8 12.5 
Water to make 50 ml 23 20 17 12.5 


Combined Paraformaldehyde—Glutaraldehyde Fixative 


Commercial formaldehyde solution contains methanol and cannot be 
used directly. Methanol-free fixative is prepared from paraformal- 
dehyde. Preparation of 10% stock solution: 10 g of paraformaldehyde 
powder dissolved in 100 ml water by heating to 60-70°C and stirring. 
One or two drops of 1N NaOH added until the solution becomes clear. 
The solution is cooled before use. Final solution for fixation: cacodylate 
or phosphate buffer (0-2M) 10 ml (final 0-1M); water 4 ml; stock 
solution of 10% paraformaldehyde 4 ml (final 2%); commercial 25% 
glutaraldehyde 2 ml (final 25%). Other combinations in concentration 
of both fixatives can be used, for example 1%/1%. 


Buffered OsO, solution for postfixation 


Preparation of stock solution of 2% OsO,: OsO, is commercially 
available in the form of crystals contained in glass ampoules. Break 
an ampoule containing 0:5 g OsO, with a glass rod in a glass flask 
containing 25 ml of water and stir until dissolved. The solution is 
stable for months if the flask is stored in the dark in a clean, air- 
tight container (vapours extremely penetrating). Alternatively the 
solution may be stored frozen. Final solution for fixation: stock 
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buffer (0:2 M) 3 ml (final 0-05 Mm); stock solution of 2% OsO, 3 ml 
(final 1%). 


1.8.3. Preparation of Epoxy-Embedding Mixtures 
Pure Epon 


Two mixtures of Epon 812 (= Epikote 812) are used: mixture A (alone 
gives soft block): 62 ml Epon 812 + 100 ml DDSA; mixture B (alone 
gives very hard block): 100 ml Epon 812 + 89 ml MNA. 

The following proportions of mixtures A and B give progressively 
increasing hardness. The accelerator is DMP 30 (2,4,6-tridimethylamino 
methylphenol), also commercially known as DY 064: 


Mixture A (ml) 10 7: 5 3 0 
Mixture B (ml) 0 3 5 7 10 


Accelerator (DMP 30) (m!) 0.15 0.15 0.15 0.15 0.15 
—————_——— hardness ————————— 


Pure Araldite 


Resin (Araldite CY 212 = M, 502, 506, 6005) 12 ml; hardener (DDSA) 
10 ml; plasticizer (dibutylphthalate)(optional) 1-0-2 ml. 


Simplified Epon—Araldite Mixture 


For routine purposes, the following simple medium can be re- 
commended: Epon 5ml; Araldite 4ml; hardener (DDSA) 12 ml; acceler- 
ator (DMP 30) 0-6 ml. 


Spurr’s Resin 


Because of the general toughness of plant materials, a formulation 
which yields quite firm blocks may be suggested for standard use: 
Resin 10 ml; hardener (NSA) 26 ml; flexibilizer (DER 736) 6 ml (4 ml: 
softer blocks; 7 ml: harder blocks); accelerator (DMAE) 0-4 ml. 
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2.1. INTRODUCTION 


It is often forgotten that micrographs are two-dimensional images 
extracted from three-dimensional specimens. In many studies it is 
desirable to obtain information on the three-dimensional structure of 
the specimen and there are several approaches to this problem. With 
the light microscope it is normally possible to focus through a thick 
specimen due to the relatively narrow depth of field and thereby 
optically section the specimen. This technique has recently come to 
the forefront of research in cell biology due to the advent of the laser 
scanning confocal microscope (Shotton, 1989). With this instrument, 
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out-of-focus information is not detected and the specimen can be 
automatically optically sectioned with images at various focal planes 
digitally stored. A stereo-image of the specimen can then be recon- 
structed from the sum of all the optical images through the specimen. 

Due to the relatively large depth of field of the electron microscope 
3-D information from the majority of biological specimens cannot be 
obtained by change of focus. There are, however, various methods by 
which this kind of information can be extracted from EM specimens. 
Quantitative 3-D data can be obtained from thin sections by the 
various stereological techniques that are now available (see Chapter 
3). Serial sectioning techniques can also be used with thin sections 
for 3-D reconstructions with all the problems this entails (Hawes, 1981, 
1985a), or stereo-techniques can be used with thick sections, whole 
cells, replicas and scanning electron microscopy (SEM) specimens. 

This chapter will be concerned with the various methods for the 
preparation of plant material for thick sectioning and stereo-microscopy 
and will also include the use of replicas for stereo-work. The application 
of stereo-techniques to SEM is considered elsewhere in the book 
(Chapter 8). 


2.2. STEREO-TRANSMISSION ELECTRON MICROSCOPY 
2.2.1. The Preparation of Material for Thick Sectioning 


Until a few years ago it was generally assumed that thick sections 
could only be studied successfully by utilizing the penetrating power 
of one of the few high-voltage (1 MeV) electron microscopes that were 
available. Although it is true that such microscopes have considerably 
higher penetrating power than conventional 100-120-kV machines 
(Hawes, 1981), the limit to the resolution in sections of 0-5-2 um 
thickness is primarily caused by chromatic aberration as the electron 
beam loses energy passing through the specimen. High-voltage 
microscopes are only necessary for extremely thick sections and 
specimens. Chromatic aberration can be substantially reduced by using 
the smallest objective aperture during photography. With selectively 
stained specimens excellent results have been obtained at conventional 
accelerating voltages (see Harris and Oparka, 1983; Thiéry and 
Rambourg, 1976). 

The latest generation of transmission electron microscopes have 
accelerating voltage capabilities from 100 to 400 kV with 200- 
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kV microscopes being common in many biological laboratories. 
However, for the majority of applications, sections much thicker 
than 2 um contain too much information to be usefully interpreted, 
even by stereo-techniques, and therefore the majority of thick section 
work can be carried out at 100-120 kV (see Hawes, 1985a). Microscopes 
fitted with a scanning transmission unit (STEM) are particularly 
useful for thick specimen microscopy as there is reduced specimen 
damage in the STEM mode coupled with increased beam penetration, 
and the added advantage of electronically controlled brightness and 
contrast. 


2.2.1.1. Fixation and Staining Techniques 


For the preparation of material for thick sectioning, conventional or 
low-temperature primary fixation techniques can be used (see Chapters 
1 and 7). It is the staining (or postfixation) procedures that are most 
important for this kind of work. The use of conventionally osmicated 
material stained with uranyl and lead salts can be of limited value in 
thick sectioning and stereo-microscopy. A thick section contains many 
times the quantity of information as does a thin section and the use 
of such stains often results in a confused image. If all the components 
of the cytoplasm are contrasted, including the cytoplasmic ribosomes, 
a cloudy uninterpretable micrograph is often the result. Therefore, the 
use of selective staining or impregnation techniques are recommended 
so that the structures of interest can be imaged against a clear or semi- 
clear background (see Sections 2.2.1.2.-2.2.1.4). However, for some 
studies, such as the examination of the cytoskeleton in thick specimens 
this will not prove possible. 

When staining a thick section in uranyl acetate and lead citrate the 
time taken for the stain to penetrate into the resin must be taken into 
account. It will therefore prove necessary to completely submerge 1- 
m-thick sections for between 30 and 60 min in each stain. The use 
of alcoholic uranyl acetate will speed up this procedure and where 
possible en bloc staining procedures should be used. Staining the 
whole of the trimmed block in hot alcoholic uranyl acetate (5% UAc 
in 75% ethanol at 60°C for 36h) has proved useful in contrasting 
microfilament bundles prior to thick sectioning (Pesacreta and Parthasa- 
rathy, 1984). These authors fixed their material in a primary fixative 
55% glutaraldehyde plus 2% tannic acid which also improves contrast 
in cytoskeletal elements. 


Fig. 2.1. Thin section of a young pea root after aldehyde fixation and 4h impregnation 
in a zinc iodide/osmium tetroxide mixture and stained with lead citrate. Note the heavy 
impregnation of the endomembrane system including the dictyosomes (inset) (80 kV, 
bar = 4 um). 


2.2.1.2. Osmium Impregnation Techniques 


The most popular selective staining procedures for the enhancement 
of contrast in cytoplasmic membranes are those involving osmium 
impregnation. These techniques are based on the reduction of osmium 
tetroxide on the surface of membranes or within the cisternal space 
of membrane-bounded organelles to produce an electron-opaque 
deposit of osmium or osmate (Figs 2.1-2.3). Although prolonged 
soaking (days) of tissue in osmium tetroxide often results in the 
impregnation of all or part of the endomembrane system, the preferred 
methods are to chemically aid the reduction of osmium with zinc 
iodide (Harris, 1979; Hawes, 1981, 1985a) or potassium ferrocyanide 
(Hepler, 1980; Schnepf et al., 1982; Vigil et al., 1985). These techniques, 
as well as being excellent for studies on the three-dimensional 
organization of the endomembrane system, are also extremely useful 
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Fig. 2.2. Thick (2-um) section from an osmium-impregnated pea root. In such a section, 
approximately 20 times thicker than a conventional thin section, the true extent of the 
endomembrane system can be appreciated (200 kV, bar = 4 wm). 


for routine thin section microscopy after the sections are stained with 
lead citrate. 

For a general impregnation of the endomembrane system the zinc 
iodide/osmium tetroxide (ZIO) technique (Table 2.1) is suitable for 
many plant, algal and fungal tissues (Hawes, 1981). After aldehyde 
fixation the specimens are soaked in a fresh mixture of zinc iodide 
and osmium tetroxide prior to dehydration and embedding. It is 
important the ZIO mixture is aqueous and not buffered and, if 
phosphate buffer has been used in the primary fix, then the tissue 
must be thoroughly washed to prevent the formation of zinc phosphate 
deposits. The time and temperature of the impregnation will vary from 
tissue to tissue (Hawes, 1981). It has been found that to get good 
impregnation of some fungal hyphae a temperature of 40°C for 40h 
is required (Hawes, 1981). However, for most higher plant tissues, it 
is generally advisable to impregnate at room temperature for a range 
of times between 4 and 18h. It is also often found that the degree of 
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Table 2.1. Zinc-iodide/osmium tetroxide impregnation (ZIO) 


1. Fix material in aldehydes as suits the tissue (if possible do not use phosphate 
buffers). 

2. Wash in buffer. 

3. Wash in distilled water (extra washes if phosphate buffers have been used). 

4. Impregnate with a fresh mixture of zinc iodide/osmium tetroxide (time and 
temperature will vary with specimens).* See Section 2.4.1 for recipe. 

5. Wash in distilled water, dehydrate and embed. 


*Ignore any precipitates that form in the staining mixture. 


Table 2.2. UAc-Pb-Cu impregnation 


1. Fix tissue in aldehydes, i.e. 1% glutaraldehyde, 1% paraformaldehyde in 0-1m 
sodium cacodylate buffer at pH 6-8. 

2. Wash in buffer 2 x 10 min. 

3. Stain in 5% aqueous uranyl acetate pH 68 for 1h at 40°C. 

4. Wash in distilled water 1 x 10 min. 

5. Stain in copper and lead citrate for 1h at 40°C (see Section 2.2). 

6. Wash 1 x 10 min distilled water. 

7. Postfix in 1% aqueous OsQO, for 2h at room temperature. 

8. Wash, dehydrate and resin embed (see Chapter 1). 


impregnation can vary between tissues in the same specimen and 
even between cells in the same tissue. 

The ZIO technique will impregnate the Golgi dictyosomes (sometimes 
showing a gradation of staining across the stack), endoplasmic 
reticulum, nuclear envelope, tonoplast (in mature cells), plastid 
thylakoids and occasionally the mitochondrial stroma (Figs 2.1-2.3). 

Similar, although not as generally extensive impregnation can be 
achieved by the osmium-ferrocyanide technique (Hepler, 1980; Schnepf 
et al., 1982). Although chemically ferrocyanide should be the best 
reducing agent for osmium tetroxide, various authors have also had 
success using potassium ferricyanide (Hepler, 1980). For this technique 
tissue is fixed in aldehydes (i.e. 2% glutaraldehyde, 5mm CaCl, in 
005m sodium cacodylate) and postfixed in a fresh buffered mixture of 
1% osmium tetroxide and 08% potassium ferro- or ferricyanide for 
1-2 h. Some authors have reported that this technique does not always 
give good impregnation of the endomembrane system but by varying 
the time of postfixation a satisfactory selective staining should be 
achieved. 

Although the chemistry of these impregnation techniques is not 
fully understood, it has been suggested that with the ZIO technique 
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the Zn?* either binds to or displaces Ca?* sites on membranes and 
reduces the osmium to form an electron-opaque deposit of zinc osmate 
(Gilloteaux and Naud, 1979). With the osmium ferrocyanide technique 
it has been shown that the staining is due to the presence of 
Fe(CN)é~ which provides sequential one-electron reduction pathways 
for osmium tetroxide (White et al., 1979). Enhanced staining may then 
result from cyano-bridged osmium complexes that are chelated by 
metal ion-binding sites on the membranes. 


2.2.1.3. Uranyl, Copper and Lead Impregnation 


Although osmium impregnation techniques are the most popular for 
staining selectively various components of the endomembrane system, 
some cytoplasmic membranes, most notably plastid and mitochondrial 
envelopes and the plasma membrane are not contrasted. A technique 
originally developed for the impregnation of the endomembrane 
system in animal tissues, in which aldehyde fixation is followed by 
staining in a solution of uranyl acetate and in a mixture of copper and 
lead citrate prior to osmication (Thiéry and Rambourg, 1976; Segretain 
et al., 1981) has been successfully used with plant tissues (Hawes and 
Horne, 1983). 

Sections of plant cells prepared by this technique have an overall 
appearance somewhat akin to permanganate-fixed tissue with ribo- 
somes and cytoskeletal elements being poorly preserved and most of 
the membranes highly contrasted. Thus, in thick sections, the shapes 
of both mitochondria and plastids can easily be determined. However, 
the most characteristic feature of this technique in plant cells is that 
it appears to stain polysaccharides intensely (Hawes and Horne, 1983). 
Thus, cell walls, Golgi vesicles and amyloplasts are all heavily stained. 
The impregnation technique is a simple procedure (Table 2.2 and 
Section 2.7.2) and, although Thiéry and Rambourg (1976) reported that 
changes in the pH of the uranyl acetate solution changed the staining 
characteristics of the endomembrane system in mammalian cells, this 
does not appear to be the case with plant tissues. As with the osmium 
impregnation techniques thin sections can be further contrasted with 
lead citrate but thick sections should be viewed without further 
staining (Figs 2.4 and 2.5). 


2.2.1.4. Enzyme Cytochemistry 


It is somewhat surprising that there are very few reports in the 
literature of enzyme cytochemical techniques being combined with 
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Fig. 2.4. Thin section through a maize root cap impregnated by the UAc-Pb-Cu 
technique. Note the heavy staining of the plastid envelopes (arrowheads) and the 
contents of Golgi vesicles (inset) (80 kV, bar = 3 um). 


thick sectioning and stereo-microscopy (Poux et al., 1974; Marty, 1978; 
Hawes, 1985). The reaction products of many enzyme cytochemical 
procedures make excellent selective stains (see Chapter 4) and can 
easily be visualized in thick sections. Indeed, the observation of thick 
sections may in many cases make it easier to interpret the localization 
of a reaction product. 
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Fig. 2.5. Thick (1-um) section through the same root as in Fig. 2.4 showing the tubular 
nature of the root cap plastids and the distribution of Golgi vesicles (arrowheads) 
(1000 kV, bar = 1:5 pm). 


2.2.1.5. Cutting and Mounting Thick Sections 


The cutting of thick sections is a relatively simple procedure which 
can be carried out on most ultramicrotomes with either automatic 
advances up to a micrometre or calibrated manual advance mechanisms. 
It is advisable to cut sections in a range of different thickness settings 
in order to find one that most suits stereoscopy of the particular 
specimen. Also the maximum thickness which the microscope can 
satisfactorily image without excessive loss of resolution due to 
chromatic aberration and specimen damage by the electron beam must 
be taken into account. For instance, a 3-m-thick section will almost 
certainly contain too much information to be interpreted with ease 
and will almost certainly not be penetrated by a 100-kV electron beam. 
Extremely thick sections of plant material have been observed with 
high-voltage electron microscopes (5 um Hawes, 1981; 10 pm Marty, 
1983) but these would have almost certainly undergone considerable 
beam thinning in the microscope. This can also be a problem with 
sections in the 1-2 wm range (Hawes, 1985a). 

Thick sections should be cut on glass knives (unless a diamond can 
be dedicated to the task!) and will readily adhere to formvar or other 
plastic-coated grids. They can also be gently heat-sealed to uncoated 
grids by slowly drying on a drop of filtered distilled water. Some 
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Table 2.3. Dry-cleaving of cells and tissues 


1. Fix for 30 min in 3% glutaraldehyde, buffered with PIPES microtubule 
stabilizing buffer (MSB 0-1 m PIPES, 2mm EGTA, 5mm MgSO,, pH 6-9) or 
other preferred fixative. 

2. Wash in MSB and soak for 1h in 1% tannic acid in MSB. 

3. Wash thoroughly in distilled water. 

4. Digest tissue with 1-2% driselase or cellulase for 1h and wash with distilled 
water. 

5. Squash tissue gently between coverslips to loosen cells and load onto poly-t- 

lysine-coated grids (see Section 2.4.3).* Epidermal strips can be placed in 

distilled water onto grids or suspension culture cells pipetted onto grids. Leave 
to attach to grids for 30-60 min. 

Wash grids in distilled water and postfix for 1h in 1% osmium tetroxide. 

Wash in distilled water and stain for 1-2 h in 05% aqueous uranyl acetate. 

Dehydrate in a graded water/ethanol series. 

Critical-point dry from absolute ethanol with dry CO,. 

0. Dry-cleave cells by inverting grid onto sticky side of Scotch Tape or by 

squashing between filter paper. 

11. Observe immediately or lightly carbon-coat prior to microscopy. 
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* Cells will only adhere to poly-L-lysine coated grids when in distilled water and not in 
buffer. 


laboratories routinely stabilize thick sections with a thin layer of 
carbon (King et al., 1980), but in the author’s laboratory this is generally 
considered not to be necessary. 


2.2.2. Unembedded Material 


With the high-voltage electron microscope it is possible to observe 
whole, unembedded critical-point dried cells such as those from 
suspension cultures, protoplasts or epidermal strips (Hawes, 1985b; 
Cox et al., 1987). However, with conventional microscopes up to 
200 kV, beam damage to the specimen and general instability of the 
specimen caused by beam heating generally precludes the use of such 
specimens. However, whole fixed and critical-point dried cells and 
tissues stuck to poly-L-lysine-coated formvar grids can be dry-cleaved 
by inverting the grids onto sticky tape such as Scotch Tape and 
carefully removing them with forceps. (Traas, 1984; Emons and Traas, 
1986; Table 2.3). In this way fragments of cell wall with adhering 
plasma membrane are left attached to the grid and organelles and the 
three-dimensional organization of the cytoskeleton of the cell cortex 
can be studied. It should be noted that as there is no embedding resin 
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Table 2.4. Steps in taking a stereo-pair 


1. Set eucentric point on microscope stage. 

2. If possible rotate beam so that tilt axis parallels long edge of photographic plate 
(on most microscopes this is not possible). 

Centre area of interest on screen. 

Note tilt angle if not 0°. 

Expose first plate. 

Tilt specimen depending on magnification and thickness. 

Re-centre and refocus specimen. 

Expose second plate. 


S G2 


present to scatter electrons, this technique produces ample contrast 
even without lead citrate staining. A modification of this technique, 
wet-cleaving, can be used to enable immuno-labelling within the 
cortical cytoplasm of the cell (see Chapter 5). 


2.3. TAKING AND VIEWING A STEREO-PAIR 


Any transmission EM with a stage tilting facility can be used to take 
a stereo-pair. However, the introduction of eucentric stages, rotation- 
free imaging and, more recently, image rotation facilities have greatly 
simplified this procedure. It is possible to tilt a specimen without any 
great change in focus and to keep the tilt axis parallel to the long edge 
of the photographic plate at all magnifications. This then obviates the 
problem of having to rotate the final prints when viewing in order to 
obtain optimum stereopsis. 

The objective of tilting the specimen in the microscope between 
successive exposures is to generate artificial parallax created by 
observing the same structural details in the specimen from two 
different viewpoints. Thus, when the micrographs are viewed with an 
appropriate stereoscope, the illusion of three dimensions will be 
created due to this parallax between each picture. If 3-D measurements 
are to be made from the micrographs then the specimen should be 
tilted an equal number of degrees either side of the normal specimen 
plane (Hawes, 1981, 1985a). For simple qualitative stereoscopy stereo- 
pairs can be made over a large tilt range giving the option of studying 
a structure in stereo from many different viewpoints. 

The choice of tilt angle to generate the necessary parallax for good 
stereopsis will depend on the final micrograph viewing magnification 
and the specimen thickness. A general rule is that the thicker the 


2. Stereo-electron microscopy 79 


specimen and the higher the magnification then the lower the tilt 
angle. Nankivell (1963) derived a standard equation relating parallax 
(Y) to the height difference (h) between points in the specimen, the 
tilt angle (O) and the viewing magnification (M) as follows: 


Y = 2h M sins O 


Thus, as maximum stereopsis is obtained when the parallax between 
two points is about 5mm when prints are viewed at 25cm from the 
eyes (Hudson and Makin, 1970), if the section thickness is known the 
optimum tilt angle can be calculated. Graphs of suggested tilt angles 
have been published (Hudson and Makin, 1970; Hawes, 1985a). 
However, in reality these can only be used as rough guides to tilt 
angles as section thickness is rarely accurately known prior to 
microscopy and features of interest may lie well within the total depth 
of the section. This is not a problem, as tilting to produce optimum 
parallax is not necessary for the visualization of depth, nor for 
quantitative stereo-analysis. However, it must be remembered that 
excessive tilting will make fusion of the two halves of a stereo-pair 
impossible. 

If tilting is carried out equally around the normal specimen plane 
then quantitative height data can be obtained from a stereo-pair of 
micrographs by measuring the parallax and applying Nankivell’s (1963) 
standard equation (Gaunt and Gaunt, 1978; Hawes, 1981, 1985a; 
Niederman et al., 1983; Watt, 1985). In its simplest form this can be 
done with a ruler by measuring the difference along the x-axis between 
the two points on each micrograph or with optical instruments such 
as the measuring mirror stereoscope (Bauer and Exner, 1981; Hawes, 
1981, 1985a). 

There are many stereo-viewing aids on the market available from 
most EM accessory suppliers ranging from expensive measuring mirror 
stereoscopes to small cardboard stereo-viewers (see Mohr and Wray, 
1976; Watt, 1985, for information on stereo-viewing). It should be 
remembered that with micrographs from sectioned material the left 
and right transposition of the micrographs is not important but with 
all other stereo-micrographs pseudoscopic effects will occur if the 
prints are transposed. For publication stereo-pairs should be mounted 
side by side at right angles to the tilt axis and be of a size to be 
viewed by a pocket lenticular stereo-viewer. These usually have an 
adjustable interocular distance of 500-700 mm and the micrographs 
should be mounted for viewing with a centre-to-centre distance of 
60-65 mm (Hawes, 1981). 
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2.3.1. Replicas 


Replicas of surfaces make ideal specimens for stereo-transmission 
electron microscopy. The commonest used being freeze-fracture replicas 
(Steere, 1983; see also Chapter 7). As the surface topography of such 
specimens is generally unknown, the optimum total tilt cannot be 
calculated. In the literature angles of between 6 and 15° have been 
reported. As with SEM stereo-microscopy (see Chapter 8), if possible 
it is best to tilt the specimen at right-angles to the direction of shadow. 
When viewing the micrographs it is important that the orientation of 
the prints is correct in relation to the direction of shadow and that 
when viewing, unlike the case with stereo-pairs from thick sections 
the left- and right-hand micrographs should be correctly positioned 
so as not to give a pseudoscopic (inverted) stereo-image (Allen et al., 
1978). 

A more recently developed technique, that of deep-etching and the 
production of rotary shadowed replicas has gained wide acceptance 
in the field of animal cell biology for the detailed study of cytoplasmic 
structures down to the molecular level (Heuser et al., 1979; Heuser, 
1981; Heuser and Kirchhausen, 1985). With this technique ultra-rapidly 
frozen tissue is fractured and etched at low temperatures under vaccum 
for as long as 30 min. The resultant low-angle rotary shadowed replicas 
can be extremely complex, especially when a structure such as the 
cytoskeleton is being observed and it is inevitably necessary to use 
stereo-techniques in order to interpret the image (Fig. 2.6). Due to 
the rotary shadowing there are no unidirectional shadows on the 
micrographs and it is therefore not necessary to align the specimen 
in the microscope with respect to the tilt axis before taking the stereo- 
pair. 

This technique has yet to be fully exploited in the study of plant 
cells, but should prove to be an important tool in the study of the 
cytoskeleton (Hawes and Martin, 1986) and of cell walls (Goodenough 
and Heuser, 1988). 


2.4. PROCEDURES 


2.4.1. Preparation of Zinc lodide/Osmium Tetroxide Mixture 
(Harris, 1979) 


(1) Add 3g powdered zinc and 1g resublimed iodine to 20 ml 
distilled water. 
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(2) Stir for 5 min. 
(3) Filter. 
(4) Use in a 1:1 ratio with 2% aqueous OsQ,. 


2.4.2. Preparation of Copper—Lead Citrate (after Thiéry and 
Rambourg, 1976) 


(1) Add 0-5 ml of 10% (w/v) copper sulphate solution to 2 ml of 1m 
lead nitrate (a white precipitate results). 

(2) Mix with 19 ml of 46% (w/v) sodium citrate solution. 

(3) Dissolve the precipitate by slowly stirring in 4 ml 1m sodium 
hydroxide. 


2.4.3. Preparation of poly-t-lysine-coated grids 


(1) Float coated grids for 1h on small (5 pl) drop of poly-L-lysine 
(molecular weight > 300 000). 5 mg ml ! in pure water. 

(2) Rinse in pure water. 

(3) Use immediately. 
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3.1. INTRODUCTION 


This chapter provides an introduction to the background and methods 
employed in stereology. Other introductory material may be found in 
the following references: Weibel (1969), Briarty (1975), Cruz-Orive 
(1976), James (1977), Williams (1977), Steer (1981). More advanced 
treatments of this subject can be found in work published by 
Underwood (1970) and Weibel (1979). 

The ultimate goal of the cell biologist is to understand the structure 
and function of a cell down to the level of the component atoms and 
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molecules. In progressing towards this goal it is inevitable that some 
aspects will proceed faster than others. For example, we now have a 
good knowledge of the structure of DNA, but no explanation for the 
significance of the size of the eukaryotic chromosome. Recent progress 
in molecular biology and genetics has led to an explosion of interest 
in the control of gene activation, gene expression and synthesis of 
specific proteins, with the development of valuable new tools for the 
cell biologists’ trade. The structural framework which has made this 
progress possible was provided by microscopists, who have described 
the formation (division) of cells, their development, differentiation 
and location in tissues and organs of living systems. It is tempting to 
believe that this descriptive phase of cell biology is now drawing to 
a close, in favour of an approach ‘at the molecular level’. This is 
unfortunate since microscopists should be encouraged to assist 
molecular biologists in their efforts to place this new information in 
the context of a living, functioning cell. 

Quantitative morphological analysis provides a means for translating 
the visually apparent structure into numerical data that can be subjected 
to the powerful methodologies of mathematics, and integrated with 
numerical information from other sources. The numerical expression 
of morphological information can be useful as an adjunct to the 
description of various cell types. It is more useful when employed in 
the assessment of the effects of experimental treatment on cells, tissues 
and organs, or when trying to interpret the functional significance of 
physiological and biochemical data (for example, mitochondrial struc- 
ture and respiration rate). 

As a counterbalance to the complexities of the techniques used in 
microscopy (or do we all take electron microscopes for granted?) we 
will find that quantitative analysis of micrographs is a relatively simple 
process that requires little additional effort. The greatest problem, for 
beginners, is to understand clearly the nature of the information that 
is available, and the methods used for obtaining it. 


3.2. UNDERSTANDING YOUR SPECIMEN 


We should start by considering the specimen chosen for microscopy. 
This is usually an organ or tissue, less often the whole organism. The 
microscope image will contain details of various cell types (each 
extending to its boundary, the plasma membrane) within the organ, 
together with the external spaces, cavities, etc. between them. We can 
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see that the whole volume of the structure, bounded by the outer edge 
of the organ, consists of spaces that are definable as one or more cell 
types and the cavities between them, which may be occupied by cell 
wall material, air spaces, etc. 

This may seem an obvious statement to make, but it will be well 
worth our while to dwell on it longer, for a real appreciation of this 
structural arrangement will greatly assist the reader in the following 
pages. Since the whole volume will be 100% of the organ, then the 
proportion of each type of space occupancy should also sum to 100%. 
Indeed, we need only determine the space occupancy of one fewer 
than the total number of space-filling types to find the remaining one 
by difference from 100%. 

As the methods to be discussed yield data on a unit volume“! basis 
(per unit volume), then a knowledge of the total volume of the organ 
will enable the data to be converted to absolute values. The total 
volume of the organ may not be easily ascertained, it may be easier 
to find the total volume of one of the component spaces and work up 
from the proportion relationships already established. 

The discussion applied to organs and tissues above can also be 
applied to individual cell types, again built on the foundation that the 
sum of all intracellular compartments must be 100% of the cell, that 
determination of one less than the total will enable the missing value 
to be found by difference and that absolute values can be found from 
a knowledge of either the whole cell volume or the volume of one 
component (often the nucleus). 

Frequently one has to resort to different microscope systems 
(light/electron microscopes) and magnification ranges to view the 
whole organ, its component cells and their structural compartments. 
Clearly quantitative relationships established by any of these systems 
reflect the relationships existing in the living organism, therefore they 
are not bounded by any particular method of observation and can be 
utilized wherever necessary. This means that detailed knowledge of a 
small structure within a particular cell type can be scaled up and 
assessed for its relevance to the whole organ, or even organism. This 
provides a very powerful tool for the cell biologist, since physiological 
and biochemical estimates of function are frequently based on 
measurements at the whole organ or organism level. 

Understanding the specimen and its composition at the outset will 
ensure that the methods of quantitative microscopy are correctly 
applied and interpreted. 
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3.3. INDIRECT MEASUREMENTS 


3.3.1. Introduction 


It will be apparent that the numerical density (number per unit 
volume) and size (volume) of structures possessing a regular geometric 
shape can be determined by direct measurement of the principal axes 
from micrographs taken of sections made in suitable planes. However, 
few biological structures show such symmetry. Even those that are 
symmetrical are rarely so consistent in size that these measurements 
can be taken to apply across the whole organ or tissue. Nuclear pores 
are an exception, spherical nuclei are not. This means that most 
quantitative microscopy must depend on extensive sampling of cells 
and tissues and rely on indirect estimates of the volumes and surface 
areas of components. 

Indirect measurements are based on two important principles. One 
is that the sample examined consists of a two-dimensional plane section 
through the original three-dimensional object. While transmission light 
and electron microscope images are two-dimensional, the section made 
of the organ is not, since it has a finite thickness. In practice we will 
see that so long as this thickness is small compared with the size of 
the object to be examined, the specimen may be regarded as a two- 
dimensional plane. 

The second principle is that the sample should be a random sample 
of the specimen, and that a sufficient number of such samples be 
taken to constitute a statistically significant sample of the whole organ. 
If the specimen has a preferred axis of symmetry, then this must be 
taken into account in designing appropriate section planes. 

Randomness of sampling need only be extended to the space within 
which estimates are being made. For example, to establish the 
parameters of mitochondria and chloroplasts within cytoplasm, we can 
deliberately exclude (as far as possible) all vacuoles, nuclei and cell 
walls from the micrographs, but we must treat all areas of cytoplasm 
equally and not discriminate for or against areas containing these 
organelles. 

If the whole organ is being assessed then micrographs that extend 
into intracellular spaces, or even contain no images of cells, are to be 
expected on a random sampling basis and must be fully included in 
the assessment. A discussion of statistical methods can be found in 
Nicholson (1978). 
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3.3.2. Volumes 


The proportion of the specimen volume occupied by a particular 
component (volume per unit volume) is equivalent to the surface area 
fraction occupied by that component in an average two-dimensional 
section plane through the specimen. 

This relationship was first derived by Delesse and has been 
extensively used in geological and materials sciences to estimate 
volume contributions of components of heterogeneous solids from 
examination of plane polished surfaces (Underwood, 1970). 

This is the quantitative extension of the qualitative assumption that 
the greater the amount of a component in a micrograph, the greater 
must be its presence in the whole specimen. Note that implicit in the 
principle is the generation of a sufficiently large sample of section 
planes, so that a statistically significant estimate of the mean can be 
made. This imposes a constraint on the microscopist; no longer can a 
single micrograph be taken as being representative of the whole 
specimen. Many micrographs must be obtained in a statistically 
acceptable way and examined before any decision can be arrived at 
about the specimen. 

Faced with a micrograph, the observer must first decide what 
information is required from it. The micrograph may contain parts of 
more organs and tissues than of interest to the investigator; it may 
contain only an atypical subset of the components in the organ under 
investigation. These situations often lead to confusion, but it is no 
more confusing than that experienced by a vegetation ecologist driving 
along a country road. Ultimately both cell biologist and ecologist have 
to concentrate their vision down from a global view to the practical 
project at hand. Cell biologists make these decisions at the sectioning 
and microscopy stages, and then forget that they have imposed these 
limitations when they come to analyse their micrographs. Hence the 
emphasis given in earlier paragraphs to composition of organs and 
tissues. 

The observer of a micrograph has the power to define the overall 
volume within which the component volume will be determined. In 
the most simple case a uniform population of cells from a cell 
suspension culture can be examined. The areas of components within 
the cells can be expressed as an area fraction of the total area of cells 
present in the section, excluding the large spaces between cells. This 
will yield volume fractions of each component within a typical cell. If 
absolute volumes are to be determined by reference to whole cell 
volumes determined by measuring major and minor axes on intact 
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cells (by light microscopy), then it must be remembered that these 
measurements will be to the outside edge of the cell wall. This means 
that area fractions in electron micrographs must also be determined 
by reference to the total cell area measured to the outside edge of the 
cell wall, not just within the plasma membrane. 

Once these basic principles have been understood it is relatively 
easy to extend them to all other situations. The reference volume must 
be defined in advance and a clear decision arrived at on the precise 
location of the boundary of this volume. Usually it will be the outside 
edge of an epidermal cell, a tissue type or a cell type. 

Remembering the previous discussion on space filling by cells and 
tissues we can see that no matter how complex the three-dimensional 
configuration of the organ or tissue, no matter how much it is 
convoluted and abutted by other organs and tissues, it will always be 
possible to determine its composition in a quantitative manner so 
long as the dividing boundary can be identified. This underlines the 
powerful nature of the methods used in quantitative microscopy. They 
can provide data that cannot be obtained in any other way. Provided 
that the microscope images can be obtained, the remainder of the 
work is surprisingly rapid and rewarding. 

Measuring the relative surface areas of components on micrographs 
has been enormously simplified by the advent of computerized 
graphics tablets. A large range of specialist software is available that 
will provide ‘instant’ answers and statistics. The advice given here is 
to avoid all such aids, at least until the volume of work justifies such 
an investment in terms of both finance and time spent in the analysis. 
Manual methods are almost always faster (Mathieu et al., 1981), and 
provide the observer with an opportunity to think and reflect on the 
decisions being taken and the basis for each answer obtained. An 
array of points (dots), transferred to an overhead projector transparency 
in a photocopier can be superimposed on the micrograph. This will 
provide area fractions by simply counting the total number of points 
lying over each component and the total lying over the whole 
compartment that is being analysed. 

The fear felt by the observer is that in constructing the point overlay 
some mistake will be made in determining the ‘correct’ spacing of 
points. Given the range of component sizes in a living cell it ts not 
possible to have the ideal situation, which is one point per component 
profile. Observers will inevitably err on the side of caution and use a 
point density that is higher than necessary so that several points occur 
on even the smallest profile. This adds a modest increment to the time 
taken to record the number of points over the whole area of interest. 
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The time taken to complete a quantitative analysis is usually only a 
fraction of the time taken to prepare the specimen for microscopy, 
make sections, stain them, operate the microscope and undertake the 
standard ancillary procedures of producing the photographic print. 


3.3.3. Surface Areas 


Many components are, because of their functions, more appropriately 
characterized by their surface areas. These include the plasma 
membrane and nuclear envelope as well as the greatly amplified 
membrane areas of endoplasmic reticulum, mitochondria and chloro- 
plasts. 

While line length per unit area in a two-dimensional section plane 
is a direct measure of surface density (area per unit volume), it is not 
necessary to measure this length directly to obtain surface density 
values from micrographs. Even proponents of graphic tablet method- 
ology would admit that the time taken to trace out each membrane 
profile in a cell is excessive. Instead, a sampling procedure is used 
that is based on an array of test lines laid on the micrograph. 
These lines intersect the various membrane systems. The number of 
intersections made will obviously depend on the length of test line 
used and the surface density of membranes in the specimen. This 
numerical count can be converted to surface density by doubling the 
number of intersections per unit line length. If the latter is expressed 
in real cell units (wm) then the result will be a surface density value 


in units of pm? pm7?. 


Surface density = 2 x no. intersections/total line length 


As with volume determinations it is important that the test lines 
should only be examined for intersections over the defined area of 
interest, and that the length of line examined should be recorded 
exactly to the outer boundary of this area. The spacing of lines on a 
transparent overlay should be such that the smaller components are 
intersected by one line. 

The resolution achievable with this method is remarkable. The areas 
of the most complex and contorted membrane systems can be 
determined, and each membrane type clearly separated from another 
so long as they are morphologically distinguishable. Since certain 
membranes occur at interfaces that are recognizable with the light 
microscope, which cannot itself resolve the membrane, then their 
surface density can be estimated by intersections of test lines with 
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these boundaries, for example cell/cell wall (plasma membrane), 
nucleus/cytoplasm (nuclear envelope), cytoplasm/vacuole (tonoplast). 


3.3.4. Numerical Density 


The set of micrographs collected for volume and surface area determi- 
nation may also be used for the determination of the number of 
components per unit volume, the numerical density. There are a 
number of ways of doing this, depending on the shape of the class of 
particle of interest. Spherical particles are most easily counted, followed 
by particles with regular shapes, such as ellipses, cylinders, icosahedra, 
etc., and finally irregularly shaped particles. 


3.3.4.1. Spherical particles 


Spheres are a regular shape with both volume and surface area defined 
by a single linear parameter, the radius (r). This makes it possible to 
determine the sphere radius from circular profiles obtained in section 
planes. While the diameter of the largest circular profile found will 
correspond to the sphere diameter, the variation in size encountered 
in biological structures invalidates this approach. 

The mean circular profile, d, bears a unique relationship to the mean 
sphere diameter, D: 


D = (4/n)d 


This provides one mechanism for taking account of some of the 
variation in the population. Another approach utilizes the surface 
density and volume fraction data already obtained: 


r = 3 X (volume fraction/surface density) 


If the units of volume fraction are taken as pm? wm 3, and surface 


density is determined as um? pm~, then the units of r will be pm. 
Determination of the mean sphere diameter (D) allows an estimation 
of the numerical density of the spherical particles (N,) from the 
numerical density of the circular profiles in the sections (Na): 


N, = Na/D 


Populations of spheres of different sizes will yield more complex 
frequency distribution curves of circle diameters. Model distributions 
of circle diameters have been published with distributions of corre- 
sponding sphere diameters. Numerical methods for obtaining the 
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original sphere size distribution from the circle size distribution have 
been devised, starting with those of Wicksell (1925). Johnson modified 
a method devised by Saltykov (see Underwood, 1970) that is very 
simple to follow, but laborious. The present-day availability of 
microcomputers makes other methods, such as those devised by Rose 
(1980), more attractive. This method has the virtue that it includes a 
correction for section thickness, since micrographs of sections will 
always include more profiles, and profiles of a greater outside diameter, 
than a true two-dimensional plane section through the specimen. 

The Rose method entails collecting numerical density data for the 
circular profiles and dividing them into size classes according to their 
diameters (number of circles of each size class per unit area of sample). 
The section thickness is also required. The number of spheres per unit 
volume with a mean diameter at the midpoint of each size class is 
given by: 


Nm = VAA[Pm«] fn] 


where A is the area of section surveyed to find the number of circular 
profiles (n) in each size class, A is the class interval size, and P,, is 
the conversion matrix given by Rose (1980) which incorporates the 
section thickness term (see Steer, 1981 for further explanation of this 
method). Practical applications of these methods can be found in Cope 
(1982) and Picton and Steer (1981) and others reviewed in Steer (1988). 
Other methods have been devised by Cruz-Orive (1983) and Taylor 
(1983). 


3.3.4.2. Non-Spherical Particles 


Particles that are not spherical in shape require more complex, and 
less exact, methods for the estimation of numerical density. If the 
particle is of regular shape with a fixed ratio of major:minor axis 
length, then information on the volume fraction and numerical density 
on the micrograph can be used to obtain an estimate of the numerical 
density (N,) in the cytoplasm. 


No = N%2/ VY? B- 1 


where B is a shape coefficient with a value of 1:38 for spheres, and 
1:84 for cubes. The shape coefficients for more complex regular shapes 
can be found from the ratios of the lengths of the main particle axes 
(À) by reference to the standard curves (Figure 15 in Steer, 1981; Figure 
8 in Weibel, 1969). 
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A method that does not involve making any assumptions about 
particle shape or the orientation of the particle in the specimen is 
direct counting. The method involves counting the number of particles 
present in a known volume of the specimen. The volume is sectioned 
so that particle presence or absence can be detected. Particles that are 
large enough to be visualized in the light microscope (e.g. whole cells, 
nuclei, vacuoles, intercellular spaces) can be counted by examining 
successive optical sections through the specimen, or a thick slice of 
the specimen. The development of the confocal laser scanning 
microscope has been of considerable assistance to this method. This 
approach demands that the sample volume is determined accurately. 
Clearly the particle count is only valid for the particular volume of 
specimen examined, so a sufficient number of volumes must be 
sampled for the results to be statistically significant. 

Where electron microscopy must be employed to visualize the 
particles, successive sections are taken through the specimen. These 
must be of known thickness for the calculation of sample volume. 
Alternatively the block height before and after sectioning can be 
measured to provide this vertical distance. The sections are examined 
in order. An area is chosen in the first section, at random with respect 
to the components to be counted, and a micrograph taken. The 
corresponding area in each of the successive sections is then recorded 
(Gundersen, 1986). 

The sample volume will be a cuboid, made up of the sample area 
on the micrograph and the vertical height between first and last 
sections. Inevitably some particles will lie across the boundaries of the 
sample volume, so a consistent counting rule must be employed. The 
sample area (of any convenient size, obviously the larger the better) 
is defined by two sides (X,Y) at right-angles to each other and two 
opposite sides, to complete the sample square or rectangle. Particles 
that cross over the boundaries defined by X and Y and the infinite 
lines produced by extending X and the parallel side opposite X in the 
other direction are not counted. Those that are within the sample area, 
but cross over the two opposite sides are counted. For this reason it 
is advisable to make the sample area smaller than the whole micrograph 
area, so that extensions of components can be checked to ensure that 
they do not cross the infinite extension lines some distance outside 
the sample area. 

Each particle that is counted as present in the first section, or appears 
in succeeding sections, and is absent in the last section is counted as 
occurring within the defined volume. Provided that the first and last 
sections are close enough together to ensure that no particle is 
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completely contained in the space between them, it is not necessary 
to examine the intermediate sections. 

The sampling can be repeated on different scales to cope with 
particles of very different mean sizes. A section thickness of about 
one-third of the mean axis length of the smallest component type to 
be analysed is desirable. Serial sections of known thickness are taken 
and viewed at the same magnification. Successive sections are examined 
for the smallest component (say the first five), every fifth section can 
be examined for larger components and, say, every tenth section 
examined for the largest components. The sample volumes for each 
will be the volume defined by the first and last section examined for 
each component type. 

Each stack of sections can be used twice, once using the top 
section as the ‘first’ one to be examined, and again using the bottom 
section as the ‘first’ one to be examined. Where it is possible to include 
the whole of the component enclosing volume (e.g. the cell or organ) 
in the stack of sections, then it is not necessary to determine the 
sample area or the sample height, since the number of particles within 
this space can be counted directly. 

The reader is referred to an excellent review by Gundersen (1986) 
for a more complete exposition of this approach and its further 
applications in determining particle number. 


3.4. MULTIPURPOSE TEST GRIDS 


Usually the investigator wishes to determine both volume fraction 
and surface density from one set of micrographs. This can be done 
with ease using manual methods. Adjacent pairs of points are joined 
to form short test lines. The ends of the lines still correspond to the 
positions of points, so the location of the end of each short line 
constitutes a count towards the volume fraction. Intersections of 
each test line with the various membrane systems are recorded. The 
total number of points on the micrograph is twice the number of 
lines, while the total test line length is the sum of all the short 
test lines. Such short test lines will obviously not sample the micro- 
graph as intensively as continuous test lines at the same line 
spacing. 

Arranging points at intersections of a grid with a square-array may 
appear to give a uniform spread of points. This is only true if we look 
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at dot spacing along and between the rows. However the diagonal 
distance between two points is obviously greater than the array 
spacing. By using a grid based on a rhomboid it is easy to generate 
an array in which each point is equidistant from its six nearest 
neighbours, instead of only four. 

Some workers do not use such a regular spacing array on their test 
grids on the grounds that this may interact with a regular repeating 
level in the specimen and lead to positive or negative bias in the 
results. Instead they adopt a random array of test lines lying at different 
angles to each other on the 360° circle, and distributed randomly across 
the test grid field. Inevitably many of these test lines cross each other. 
Such a random array is of clear advantage when analysing structures 
which are markedly symmetric and axial. Stacks of endoplasmic 
reticulum membranes lying parallel to one face of the cell are an 
example of this situation. i 

Statistical analysis of the data should be carried out using a 
standard analysis of variance, with specimens (organisms), sectioning 
blocks and micrographs constituting three main sampling levels; 
more if microscopy has been carried out at different resolutions. 
This will enable the errors to be assessed at each sampling level, 
and show where further effort should be concentrated, if necessary. 
The number of micrographs required for a determination can be 
found by plotting the standard deviation as the number of micro- 
graphs in the sample is increased. This will fall rapidly initially, and 
then level out at a value corresponding to the minimal variation 
between micrographs. The statistical significance of the results can be 
further improved by increasing the density of sampling lines and 
points on the micrograph. 

A further source of error is the fact that the sample is not a true 
two-dimensional plane, but a section of finite thickness. This will tend 
to increase the volume fraction of compartments, especially if these 
are small with respect to the section thickness. Small vesicles provide 
a good example, microbodies are another. 

If the section thickness and the mean axis diameter of the component 
are known, correction factors can be determined from standard curves 
and applied to the data (see Weibel and Paumgartner, 1978; Steer, 
1981). This is only a problem where absolute values are required, or 
where dramatic changes occur between specimens, otherwise specimen 
comparisons will not be affected. 
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3.5. ABSOLUTE VALUES 


For many purposes the acquisition of numerical values for volume 
fraction and surface density will be sufficient. It will allow comparisons 
between organs at different stages of development and between 
specimens exposed to different experimental conditions. 

Absolute values have to be determined when comparisons are being 
made between structural capacity and functional activity (for example, 
mitochondrial cristae and respiration rate, plasma membrane and ion 
uptake, Golgi vesicles and secretion). To convert these relative values 
to absolute values we need to determine the volume of one of the 
components of the organ, or of the organ itself. 

Where the organ can be physically separated from the organism, its 
volume can be readily determined by volume displacement. For 
structurally more complex organs and organs that are too small for 
their volume to be easily determined it is possible to take an indirect 
approach. Micrographs of sections through the organ may contain 
structures of a regular shape. Determination of the volume fraction of 
the structure within the organ, and determination of the volume of 
the structure are all that is required. For example, cell nuclei are often 
spherical in shape. Since the surface area/volume relationships of 
nuclei are defined (4mr?/(4/3mr°)) and since the circular profiles from 
sections of such a shape fall into a defined distribution curve with 
respect to the diameter of the nucleus, then it is possible to find the 
nuclear volume by two different methods (Section 3.4.1). The volume 
fraction of nuclei in the organ can be combined with the nuclear 
volume to give an estimate of the organ volume. 

A similar approach will yield whole cell volumes from the nuclear 
volumes and the volume fraction of the nucleus in the cell. 

Should the nucleus be of irregular shape, then an organelle of 
suitably regular geometry may be found. Determination of the volume 
of one such organelle can be extrapolated to determination of the 
whole cell volume if the total number of such organelles in the cell is 
known (giving total organelle volume) and their volume fraction within 
the cell has been determined. 


3.6. SAMPLING THE SPECIMEN 


The values obtained for volume fraction, surface density and numerical 
density apply to the designated specimen volume. Examination of the 
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specimen at different levels of magnification in the light and electron 
microscope can provide an integrated set of values for successively 
smaller subcompartments of the whole specimen (Cruz-Orive and 
Weibel, 1981). 

Starting with light microscopy the various cell types and intracellular 
spaces are determined within the boundary of the whole organ or 
tissue (Fig. 3.1). The larger cell compartments may also be determined, 
such as nuclei, vacuoles and chloroplasts. Provided that small profiles 
of these compartments can be detected in a light micrograph, it is 
always preferable to carry out determinations at this level, since it 
provides areas of sample that are at least 100 times larger than usually 
obtained by electron microscopy. Light microscopy will yield volume 
fractions of all the cell types, and perhaps of cytoplasm, vacuole and 
nucleus. Surface areas of plasma membrane, nuclear envelope and 
tonoplast will also be obtainable. At the next magnification level, 
electron micrographs may be taken across a particular cell type, but 
random with respect to the contents of that cell type (Fig. 3.2). These 
micrographs will be used to determine volume fractions and surface 
areas of all components. If necessary a further set of micrographs can 
be taken at a greater magnification, concentrating on one particular 
organelle (Fig. 3.3). This will enable detailed analysis of surface areas 
of complex membrane systems such as internal membranes of 
chloroplasts and mitochondria. 

Comparing results from different magnification levels may at first 
reveal some startling differences in values for the same components. 
This occurs because the defined reference volume has changed from 
the whole organ, to one cell type to one organelle as the analysis has 
moved to greater levels of resolution. It is possible to recalculate the 
surface area values, for example, from the whole organ analysis to give 
values for each cell type knowing the volume fraction of each cell type 
in the organ, provided that records of the line intersect counts have 
been kept for each cell type separately. 

The data from higher levels of magnification can always be 
extrapolated to the lower, whole organ, levels provided that the 
reference volume from the higher level has been quantified as a 
volume fraction at the whole organ level. So volume fractions of 
organelles in cells can be expressed for the whole organ if the 
volume fraction of that cell type in the organ is known. Similarly, 
surface areas of an organelle determined within the cytoplasm of a 
cell (excluding nucleus, vacuole, cell walls, etc. from the analysis) 
can be calculated on a per cell basis knowing the volume fraction of 
cytoplasm in the cell. 
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Volume fractions Surface densities 


Component Points pm? pm? Component Intersections pm? pm? 


In whole tissue: 87 points, 3 not in tissue Single line length 10 ym, 2 outside tissue, total 


Cell wall 12 0-138 length sampled 430 um 

Cytoplasm 37 0-425 Plasma membrane 26 0-121 
Vacuole 25 0:287 Tonoplast 27 0:126 
Nucleus 2 0:023 Nuclear envelope 6 0:028 
Intercellular spaces 11 0:126 


In protoplast: 
total 64 points 


Cytoplasm 37 0:578 
Vacuole 25 0:391 
Nucleus 2 0-031 


Fig. 3.1. This light micrograph of the tissue shows a boundary layer of vacuolated cells 
and an interior tissue of densely cytoplasmic cells. In this sample the proportion of 
tissue occupied by the outer layer is 31% (27/87). Although the interior occupies 69% 
of the tissue volume, the presence of intercellular spaces means that the volume occupied 
by interior cells is less than twice the volume occupied by the exterior cells (49/27 = 1-8). 
The tables present data which are whole tissue values, including both cell types. It 
would be a useful exercise for you to determine values for each cell type within the 
tissue. Samples taken at random with respect to these two cell types would give a mean 
estimate of these parameters, with an appropriate level of statistical confidence. 
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Volume fractions Surface densities 

Component Points pm? pm? Component Intersections pm? pm’ ° 

In tissue: total 90 points In tissue: single line length 3-5 ym, total length 
Cell wall 6 0-067 157-5 pm 
Cytoplasm 64 0-711 Plasma membrane 14 0-178 
Plastid 4 0:044 Tonoplast 10 0-127 
Mitochondria 2 0:022 Plastid envelope 6 0:076 
Vacuole 15 0-167 Mitochondrial envelope 6 0-076 
Intercellular spaces 5 0:056 In cytoplasm: cytoplasm is 0-425 of tissue 

In cytoplasm: 64 points Plastid envelope 0-179 
Plastid 4 0-063 Mitochondrial envelope 0-179 
Mitochondria 2 0-031 


Fig. 3.2. The electron micrograph represents a much smaller sample of tissue than the 
light micrograph, so the values recorded here are less representative than those in Fig. 
3.1. For example, in calculating the volume fraction of plastids in the whole tissue, it 
is necessary to take the volume fraction of plastids in cytoplasm (0-063) with the volume 
fraction of cytoplasm in tissue from Fig. 3.1. (0-425) to give the value for plastids in 
tissue (0:0268 um? ym 3). It would be erroneous to use the value of 0-711 for cytoplasm 
determined in Fig. 3.2. 
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Ratio of areas of mitochondria membranes 


Component Intersections 

Outer membrane 16 

Inner membrane 32 

Outer membrane (from Fig. 3.2) 0-179 pm? pm? cytoplasm 
Inner membrane 0:358 pm? um 3 cytoplasm 


Fig. 3.3. Detailed examination of organelles using a continuous line grid can be used 
to determine ratios of membrane surface areas. These can then be used in conjunction 
with surface density determinations made at a lower level of resolution, as in this case 
with mitochondria. 


A major concern of investigators is that the analyses will often 
appear to miss out a component profile completely in one or more 
micrographs of the analysis. This is of no importance, since the method 
depends on a statistical sampling of the organs and cells. Most cells 
do not have a uniform, homogeneous, distribution of components. 
This means that the variation between micrographs is quite large, and 
errors introduced by analysing insufficient micrographs are larger than 
errors introduced by insufficient analysis of an individual micrograph. 
It is always better to analyse more micrographs less well. 

Sampling procedures for particular organs, or cells, should be 
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designed with some knowledge of the qualitative structure. Uniform 
tissues or organs can be sectioned in a single plane, but such examples 
are not very usual. Often there will be a distinct axis of symmetry in 
the structure. Section planes should be taken at a number of angles 
to the major axis of the structure, to eliminate bias. While it is 
axiomatic in biology to believe that organs from the same species 
should be similar, biological diversity at the whole organism level can 
be surprisingly high, so that three, five or seven plants should be 
analysed at each level and the variance from this source determined. 
It may be that more effort should be devoted to sampling a larger 
number of individual plants, rather than spending more time analysing 
each micrograph very efficiently (Gundersen and Østerby, 1981). 

Obtaining micrographs from sections of tissue blocks that are 
random with respect to the particular component of interest should 
pose no problems as any non-subjective method of selecting a field of 
view can be utilized (‘top left’ corner of each grid square in the electron 
microscope for example). Remember that selection can, and should, 
be imposed to capture an image of the defined volume of interest, 
since anything outside this will not be part of the analysis. 

All micrographs should be collected from only a single section of a 
particular specimen block face. Succeeding sections are not random 
with respect to earlier ones, so the sample micrographs are not 
independent of each other if taken from adjacent sections. Blocks can 
be retrimmed to a different level providing a further section plane 
sample; this will, of course, be of the same specimen at the same angle 
to the axis of symmetry. 


3.7. CONCLUSION 


The methods outlined in this chapter provide an introduction to the 
quantitative analysis of micrographs. The newcomer to this field should 
start now by taking any electron or light micrograph and placing an 
overhead projector sheet, bearing an array of points, over it. A few 
minutes spent counting the number of points lying over each 
component will yield the relative volume contributions of the com- 
ponents to the whole. Once this critical first step has been carried out 
the barrier to further, and rapid, progress will have been removed, 
you will have entered the three-dimensional world of the cell. No 
longer should editors of scientific journals allow the presentation of 
results in the form of ‘numbers counted per 100 pm? of the electron 
micrograph’! 
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The simple methods based on test grids on overhead transparency 
sheets can, if desired, be replaced by any one of a range of digitizer 
tablet/software combinations available from the usual commercial 
resources (Bradbury, 1983). In my experience these are only of value 
when very large-scale analyses are to be carried out, and even then 
this should be preceded by an exploratory survey using manual 
methods to establish the optimum specimen and analysis system to 
be employed. 

Quantitative microscopy is also a great aid to qualitative microscopy, 
since it imposes a discipline on the observer that each part of a 
comprehensive set of micrographs must be examined and each 
compartment and membrane unambiguously identified. Some cell 
biologists carry out a ‘rough’ quantitative analysis for no other reason 
than to check their qualitative interpretation! 
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4.1. INTRODUCTION 


Enzyme cytochemistry at the electron microscope level involves 
methods designed to localize the sites of a particular enzyme activity 
within intact cells. The simplest way of doing this is to incubate the 
cells in an artificial substrate which, when modified as a result of 
enzymic action, yields an insoluble electron-opaque product. After the 
tissue has been sectioned for TEM observation this deposit acts as a 
marker for the position of the original enzyme activity. A commonly 
used example employing this rationale is the localization of peroxidase. 
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The tissue is placed in 3,3’-diaminobenzidine (DAB) which, together 
with H,O,, acts as substrate. Peroxidase catalyses the oxidation of 
DAB to produce a polymer which is insoluble in water and most 
embedding solvents. When the tissue is exposed to OsO,, this insoluble 
product becomes electron opaque and highly visible in walls and 
vacuoles in TEM sections (Fig. 4.1.). 


Peroxidase Insoluble OsO, 
H-O, + DAB = ———>__ Oxidized DAB ——> Osmium 
polymer black 


There are other examples of this simple type of reaction; for instance, 
the widely used method of peroxisomal catalase localization is based 
on the same principle (Section 4.3.17.2). 

Substrates that conveniently produce insoluble, electron-opaque 
products are rather rare. A wider range of cytochemical techniques 
rely on what is called a ‘simultaneous capture reaction’. In these 
methods a soluble reaction product is immediately precipitated by 
combination with a ‘capture reagent’ included in the incubation 
medium. Perhaps the best-known example is the protocol developed 
for acid phosphatase localization. In this case the incubation medium 
includes a buffer, a phosphatase substrate and lead ions. The 
phosphate released at the sites of phosphatase activity in the tissue is 
immediately precipitated as insoluble, electron-opaque lead phosphate. 


Substrate Soluble Capture 
product reaction 

Na-B-glycero- © —~ Phosphate ions ————> Lead 
phosphate + Pb?* phosphate 


Reaction products like fatty acids, H2O», ferrocyanide, organic acids, 
CO,, etc., can be trapped in this way by a variety of capture reagents 
including cupric, calcium, cerous, uranium and manganous ions. 
When we last reviewed the methods employed in plant EM 
cytochemistry (Sexton and Hall, 1978), the subject had just come 
through its ‘heyday’ in the early 1970s when it represented one of the 
most important methods for studying the intracellular localization of 
enzymes. It had advantages over cell fractionation since many structures 
such as vacuoles, Golgi bodies and plasma membrane were extremely 
difficult to isolate in a purified, intact state. It was also impossible to 
separate different classes of cell by fractionation and so intercellular 
differences had to be ignored. Over the intervening period these 
technical difficulties have started to be solved, though contamination 
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Fig. 4.1. Cytochemical localization of peroxidase. Electron micrograph of cells in pea 
root tips that have been fixed in glutaraldehyde and incubated in the DAB medium at 
pH 55 for 15 min. Heavy staining is seen in the cell walls (cw), particularly in the 
intercellular regions, and in the small vacuoles (v) (x 13500). Reproduced, with 
permission, from Hall and Sexton (1972). 


of both subcellular and cellular tissue isolates still remains a problem. 
Of course, identifying the sites of enzyme activity by cell fractionation 
has the considerable advantage that they can be quantified. 

TEM immunocytochemistry was in its infancy in 1978 but was 
already showing the enormous promise which to some extent has 
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been realized. The great advantage of immunolocalizations was that 
the method could be applied to virtually any protein, while enzyme 
cytochemistry was restricted to relatively few examples. The chief 
disadvantage of immunocytochemistry is that it requires a very large 
investment of time and finances to raise and test antibodies and to 
develop a suitable localization protocol. The methods of enzyme 
cytochemistry can be employed with a much more modest outlay of 
resources. In addition, immunocytochemistry does not detect enzyme 
activity per se and so it is possible that inactive proteins may be 
localized. 

In view of the development of technologies to separate cell 
classes and organelle populations and the powerful new methods of 
immunocytochemistry, it is perhaps surprising to find that enzyme 
cytochemistry is still widely in use. Over the 12 years since our last 
review there has been a continuous stream of papers applying these 
techniques. New protocols have been published; for example, for the 
localization of urate and glycolate oxidase and several dehydrogenases. 
There is now quite a list of enzymes that can be localized in this 
way (Table 4.1). The valuable contribution made by plant enzyme 
cytochemistry is well-illustrated in the study of plant microbodies. 
The DAB-based method of catalase localization has become the routine 
way of positively identifying peroxisomes (Frederick, 1987). In addition, 
recent work localizing glycolate and urate oxidases, lipase and malate 
synthase in these organelles has done much to elucidate their role in 
plant metabolism. 

The purpose of this chapter is to provide the background for 
potential users of these methods. In Section 4.2 we outline some of 
the factors which govern the design of cytochemical procedures. 
These should be understood before embarking on any experimental 
programme. For instance, the biochemist should realize that there 
are quite different constraints governing the composition of the 
cytochemical incubation medium compared with those with which he 
may be familiar. The pH and temperature may not be the optimum 
for the enzyme reaction, but provide conditions in which the product 
is most insoluble. Similarly the morphologist must be cautious about 
employing a favourite fixation and embedding technique without 
giving due attention to the effect it might have on enzyme activity or 
penetration artifacts. A review of the techniques currently available 
together with some protocols is given in Section 4.3. 
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Table 4.1. Range of enzymes for which electron microscope localization techniques have 
been published 


Hydrolases 
Phosphatases e.g. acid phosphatase 
ATPase 
nucleoside diphosphatase 
thiamine pyrophosphatase 
Sulphatases e.g. aryl sulphatase 
Esterase e.g. non-specific esterases 
lipase 
Glycosidases e.g. B-glucuronidase 
myrosinase 
cellulase 
pectinase 
Proteases 
Oxidoreductases 
Dehydrogenases e.g. succinic dehydrogenase 
glycolate dehydrogenase 
diaphorase 
Oxidases e.g. cytochrome oxidase 
peroxidase 
catalase 
glycolate oxidase 
urate oxidase 
Transferases 
Acyl transferases 
Phosphorylases e.g. NAD-pyrophosphorylase 
Transaminases e.g. aspartate aminotransferase 
Lyases e.g. adenylate cyclase 
carbonic anhydrase 
malate synthase 
Ligases e.g. acetyl CoA carboxylase 


4.2. PRINCIPLES AND GENERAL PRACTICE 


The procedures involved in cytochemical enzyme localizations can 
conveniently be divided into three stages: (1) preparation of the tissue; 
(2) cytochemical staining; and (3) postincubation processing. 
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4.2.1. Preparation of the Tissue 


The aim of EM cytochemistry is to reliably reveal all the sites where 
a particular enzyme is located. To achieve this it is important to ensure 
that the incubation medium reaches all parts of each cell, and that the 
enzyme does not move from its original location. 


4.2.1.1. Choice of Tissue 


Incubation media penetrate surprisingly short distances from the cut 
surfaces of plant tissues. For instance, Fig. 4.2. shows a transverse 
section of a 90 um slice of a fixed pea root incubated to show peroxidase 
activity. The medium has only reached the first few cell layers from 
the cut surface (Hall and Sexton, 1972). This difficulty is very common 
(Trelease, 1987) and was experienced recently during attempts to 
develop cerium-based methods to localize H,O2-producing enzymes 
(Vaughn, 1987). The problem can be compounded by the fact that 
different components of the reaction mixture penetrate tissues at 
different rates (Holt and Hicks, 1961). In capture reactions, if the 
precipitating ion moves into the tissue more slowly than the substrate, 
there is the possibility that the enzymic reaction product will not be 
precipitated at its site of formation but will diffuse away to form an 
artifactual deposit elsewhere. Extending incubation times to allow the 
medium to penetrate further will not necessarily solve the problem 
since, for example, Pb** penetration is known to be proportional to 
the square root of the time. This approach will also lead to large 
gradients in the amount of staining at different distances from the 
tissue surface. The extent of this problem varies with different tissues. 
Those with large intercellular spaces through which the medium can 
infiltrate are less problematical than a compact tissue like the developing 
stele (e.g. Fig. 4.2). 

It will be apparent from the foregoing discussion that to obtain 
uniform staining it is desirable to incubate thin slices of material. It 
is usual to ‘fix’ a relatively large 3-4 mm-thick slab of tissue first, then 
dice it into smaller pieces prior to incubation. As we will discuss 
below, fixation is necessary to preserve fine structure, but this treatment 
also has the advantage that it immobilizes enzymes which would 
otherwise leak from the cut and damaged cells. In a study of peroxidase 
it was found that 76% of the original enzyme was washed from unfixed 
250 um pea root sections during a 50 min period. This loss was reduced 
to 37% in fixed 250 um sections, due mainly to leakage from damaged 
surface cells (Hall and Sexton, 1972). 
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Fig. 4.2. Penetration of the DAB staining medium for peroxidase into sections of pea 
roots of varying thicknesses. All sections were fixed in glutaraldehyde, incubated for 
15 min, postfixed in OsO, and embedded in Epon. (a) 2 um transverse section of 90 ym 
Vibratome-cut section (X 300). (b) 60 um section (x 240). (c) 30 um section (x 510). 
Note the different levels of penetration into root cap (rc), cortex (c) and stele (st). 
Reproduced, with permission, from Hall and Sexton (1972). 


Many authors dice the fixed tissue into 05mm pieces prior to 
incubation. Unless the cells are very large, thinner 50-100 pm slices 
are desirable to avoid large unstained areas in the centre of the block. 
Since fixed tissue is rather rubbery, these cannot be readily cut by 
hand. Various tissue sectioners have been developed to aid the process, 
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such as the Vibratome (Oxford Instruments) and the ‘Microslicer’ 
(Dosaka EM Co. Ltd). Some authors have frozen the tissue and then 
cut cryostat sections for incubation (Rougier, 1972; Pais, 1987; Spanu 
and Bonfante-Fasolo, 1988). The freezing must be carried out carefully 
and quickly if damage due to large ice crystal formation is to be 
avoided. Sexton et al. (1971) found that this method could give 
acceptable ultrastructural preservation, but the results were very 
variable and there was often extensive damage in localized areas of 
the blocks. Sometimes there are easier solutions such as stripping the 
epidermis from leaves (Frederick and Newcomb, 1969), vacuum 
infiltrating the incubation medium (Sossountov and Habricot, 1985), 
or removing the cuticle with pentane (Gershenzon et al., 1989). 


4.2.1.2. Fixed or Unfixed Tissue? 


To preserve fine structure for TEM examination it is necessary to fix 
the material. The fixatives form molecular linkages between the various 
molecules in the cell producing a macromolecular network. This process 
involves the formation of covalent bonds with a variety of functional 
groups on proteins, lipids, nucleic acids and other molecules (see 
Chapter 1). From the morphological point of view the more linkages 
that can be introduced the more successful the fixation, provided 
shrinkage and distortion do not occur. Fixative recipes used for 
morphological work are designed to minimize loss of cellular material 
and ensure the tissue remains as true to life as possible. Unfortunately 
the enzyme cytochemist is usually confronted by two incompatible 
objectives. On the one hand ultrastructural preservation is important, 
but the covalent bonding involved often deactivates the enzyme on 
whose activity the localization depends. 

It might seem sensible to avoid enzyme deactivation by incubating 
the fresh tissue in the localization medium and then fixing the tissue 
to preserve ultrastructure. This has been tried with several enzymes 
such as urate and glycolate oxidase (Beezley et al., 1976; Vaughn et al., 
1982; Kausch and Horner, 1985; Barroso et al., 1988), cytochrome 
oxidase and some dehydrogenases (Ekes, 1970, 1987) that are deactivated 
by fixatives. Unfixed tissues also have their problems. If permeability 
barriers are left intact the substrate may fail to reach the enzyme (Ekes, 
1987; Trelease, 1987). If steps are taken to disrupt these barriers using 
sonication (Beezeley et al., 1976), freezing or detergents (Trelease et 
al., 1974; Ekes, 1987; Gershenzon et al., 1989) then a soluble enzyme 
will diffuse and move. Secondly, there is known to be a progressive 
deterioration in cellular integrity during incubation of unfixed tissue. 
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As a consequence of these factors, unfixed tissue is only used on rare 
occasions when the enzyme under study is so sensitive to fixatives 
that even brief periods in weak fixatives deactivate it. In spite of these 
drawbacks some useful observations have been made in this way (see 
Fig. 4.3; Thomas and Trelease, 1981; Kausch and Horner, 1985; Ekes, 
1987; Kausch, 1987). 

In summary, fixation prior to incubation is generally considered to 
be advantageous for three major reasons: (1) for most purposes it is 
required to get reasonable structural preservation; (2) it helps bind 
soluble enzymes in their original positions; and (3) it may disrupt 
permeability barriers and facilitate entry of the incubation medium 
components. 


4.2.1.3. Fixation Protocol 


Morphologists usually fix tissues in two stages. An initial exposure to 
an aldehyde-based fixative serves principally to cross-link proteins. 
This is followed by postfixation in OsO, which more firmly binds the 
previously stabilized proteins and fixes compounds such as lipids 
which are unaffected by the aldehyde prefixation (see Chapter 1). OsO, 
is a potent enzyme deactivator and, as a consequence, cytochemists 
generally prefix in aldehyde, wash, then incubate in the staining 
medium before postfixing in OsO,. This aldehyde prefixation usually 
adequately immobilizes the enzyme under study and limits the tissue 
degeneration during incubation to an acceptable level. 

The cross-linking which occurs during aldehyde fixation in many 
cases has a detrimental effect on enzyme activity. The extent of the 
deactivation is largely dependent on the nature of the enzyme, but 
other factors such as the type of fixative and the temperature and 
duration of fixation also play a role. 

Some enzymes like catalase, peroxidase and phosphatase are 
relatively insensitive to glutaraldehyde fixation. As a consequence it 
is possible to prefix the tissues for periods of several hours in 
concentrations of 1-5% glutaraldehyde, which results in excellent 
structural preservation. The activity of other enzymes such as dehydro- 
genases (Ekes, 1987) can be drastically reduced by such treatment. It 
is thought that deactivation results from both conformational changes 
and reaction with active groups at the substrate-binding site. In these 
cases a compromise has to be reached by controlling the extent of 
cross-linking to retain some activity and yet provide sufficient 
ultrastructural detail. 
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Fig. 4.3. Localization of succinic dehydrogenase activity in root cells of Lupinus luteus 
L. Unfixed root segments were incubated for 20-30 min at room temperature in the 
staining medium. The primary site of precipitation was the intracristal space (see 
inset). Some mitochondria (arrow) contained significantly less precipitate than others. 
Reproduced, with permission, from Ekes (1970). 
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Some indication of the sensitivity of an enzyme to fixation can usually 
be gained from the literature (Table 4.2); however, there can be 
considerable variation in different tissues. To get more specific information 
many authors perform a series of preliminary trial fixations and then 
evaluate their effect by incubating and examining the resulting material. 
More quantitative information has been gained by fixing tissues and 
then assaying the remaining activity by biochemical rather than 
cytochemical assay. If solubilized enzymes are studied in this way a note 
of caution must be added since they can be more labile in vitro than in 
vivo (Paul, 1987). 

There are a number of factors which can be manipulated to reduce 
enzyme lability during fixation: 


(1) The nature of the fixative. Formaldehyde is a monoaldehyde which 
forms bridges through amino and peptide linkages in neighbouring 
peptide chains (Roland, 1978; Chapter 1). The other common prefixative, 
glutaraldehyde, is a dialdehyde and so the potential for cross-linking 
is increased. If enzyme deactivation is not a problem then fixation in 
1-5% glutaraldehyde for 30 min-5 h is preferred since it gives superior 
structural fixation. Some authors like to mix formaldehyde (3-4%) and 
glutaraldehyde (0:5-1%) because, although the former is less desirable 
from a structural point of view, it penetrates larger tissue blocks much 
more rapidly than glutaraldehyde. 

As might be anticipated from their chemistry, formaldehyde is 
usually less destructive to enzymic activity than the dialdehyde (Table 
4.2). It is usually used in the concentration range 1-5% with similar 
fixation times to those employed for glutaraldehyde (Sossountov and 
Habricot, 1985). One possible strategy in the case of a sensitive enzyme 
is to fix initially in a low formaldehyde concentration prior to 
incubation, then to refix in glutaraldehyde after staining to improve 
the fine structure. Preserving antigenicity involves very similar 
problems to those encountered in enzyme cytochemistry (see Chapter 
5). In an interesting paper Wick and Duniec (1986) have surveyed a 
wide range of fixatives in this regard, including some never used in 
enzyme cytochemistry. 

(2) Fixation time and concentration. Quantitative time-course studies 
have suggested that enzyme deactivation is largely complete during 
the first 1-2 h exposure to the fixative (see Sexton and Hall, 1978). 
Such lability curves will represent not only the time taken to chemically 
modify the protein but also the time the fixative takes to penetrate 
into the block. If fixation times are curtailed in an effort to retain 
enzyme activity there is a danger that diffusible enzyme will be left 
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in the interior of tissue slices. Several authors seem to have obtained 
good structural preservation with remarkably short (5-10 min) fixation 
times (i.e. Thomas and Trelease, 1981; Kausch and Horner, 1985). So 
fixation of tiny pieces of tissue for short times might provide an 
answer to enzyme lability. Another approach has been to reduce the 
concentration of the aldehyde fixative; for instance, Morré et al. (1987) 
and Ekes (1987) both have used 0:1% glutaraldehyde for an initial 
fixation followed by stronger fixation after incubation. Again there is 
concern that limited fixation leaves permeability problems and fails to 
immobilize the enzyme. 

(3) Purity of the fixative. The solutions containing aldehyde fixatives 
can be contaminated with substances which interfere with enzyme 
localizations. Commercial glutaraldehyde contains unsaturated alde- 
hydes, glutaric acid, ethanol and phosphate ions. There is good 
evidence that these compounds can be partially responsible for enzyme 
deactivation (Anderson, 1967) and they may also produce precipitates 
with capture reagents. Commercial preparations can be purified in a 
number of ways (Anderson, 1967) but most authors purchase special 
EM-quality glutaraldehyde directly. Formalin must not be used as a 
source of formaldehyde since it contains methanol. Formaldehyde is 
generated from paraformaldehyde (see p. 62) just before use. 

(4) Presence of the substrate. Papadimitriou and van Duijn (1970) 
showed that if the substrates of aspartate aminotransferase were 
included in the fixation medium, the rate of enzyme deactivation was 
slowed down. It was suggested that the effect was due to the substrate 
becoming preferentially attached to the active site, preventing the 
latter interacting with the fixative. This method has been used by Paul 
(1987) with plant tissues and seems worthy of more widespread 
investigation. The clear effects of substrate protection of ATPase 
activity from glutaraldehyde fixation are shown in Fig. 4.4. 

(5) pH and temperature. For morphological purposes fixation is best 
carried out around neutrality and fixatives are usually made up in 
buffers at about pH 7-0. Glutaraldehyde reacts more slowly at low pH 
values, probably as a result of stronger repulsive charges between 
proteins (Hopwood, 1973); optimal fixation is thought to occur near 
the isoelectric point. Formaldehyde is also used near neutrality though 
it is a much stronger fixative in the alkaline pH range (Wick and 
Duniec, 1986). There is, however, little information about how fixative 
pH affects enzyme lability. Al-Azzawi and Hall (1977) showed that 
maize root ATPase was less labile in pH 7-4 buffered formaldehyde 
than at more acid and alkaline pH values. With glutaraldehyde pH 
had less effect. Thus, in the absence of further data, fixation at 


4. Enzyme Cytochemistry 119 


100 


80 


Q 
(= 


% ATPase activity 
a 
i=] 


20 


0 0.5 1 1.5 
% (v/v) Glutaraldehyde 


Fig. 4.4. Effects of increasing ATP concentration in the fixation medium on glutaral- 
dehyde inhibition of ATPase activity in a plasma membrane fraction isolated by phase 
partition from maize roots. Isolated membranes were treated with glutaraldehyde in the 
presence or absence of ATP before washing and assaying for ATPase activity. Control 
(®); 2mm ATP (m); 5mm ATP (A). Unpublished data from D.S. Cowan. 


neutrality seems preferable. By far the most common practice is to fix 
tissues at 0-4°C. These low temperatures might be expected to reduce 
enzyme denaturation. 


Fixation and cellular permeability It is widely assumed that exposing 
the tissue to a fixative makes cells and organelles more permeable 
(Paul, 1987). This is an important attribute of fixation since it allows 
the incubation medium reagents to reach the sites of enzymic activity. 
It may also be advantageous in allowing natural substrates and other 
substances that interfere with the reaction to be washed out of the 
section. However, we are unaware of any systematic study of how the 
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permeability of plant cells is affected by different fixation protocols. 
Sexton and Hall (1978) reported a rather superficial study which 
indicated that fixation with formaldehyde and glutaraldehyde broke 
down permeability barriers to some extent, the tissues becoming more 
leaky with time and fixative concentration. There are also suggestions 
that extensive cross-linking after strong fixation may make the cytosol 
less easily penetrated. Evidence also suggests that short fixations at 
very low fixative concentrations used for very labile enzymes may fail 
to disrupt these barriers sufficiently (Ekes, 1987). 

It is important to remember that cells are osmotically active at the 
beginning of the fixation procedure. To avoid fixing a plasmolysed 
cell it is important to adjust the osmolarity of the fixative to be slightly 
less than the cell sap. The major contributor to the osmotic strength 
of the fixative is usually the aldehyde. For instance, a 3% solution of 
commercial glutaraldehyde in 50mm cacodylate buffer (pH 7:2) is 
430 mOsM of which only 95 mOsM is contributed by the buffer. 


4.2.1.4. The Postfixation Wash and Other Pre-Incubation 
Procedures 


After fixation it is essential to remove the unreacted fixative prior to 
tissue incubation. It is usual to wash for a few hours in several changes 
of the fixative buffer at 4°C. In some protocols the last washes are 
carried out in the incubation medium buffer to change the pH of the 
cytoplasm in preparation for the localization reaction. 

Where there are problems with the penetration of a vital component 
of the reaction medium, such as a capture reagent, it is possible to 
pre-incubate in an incomplete incubation medium to ensure that these 
components permeate the entire tissue block before commencing the 
localization reaction proper. If an inhibitor is being used as a control 
it is common to pre-incubate the block in it to make sure it is totally 
effective and has reached every part of the tissue before carrying out 
the localization reaction. 


4.2.2. Incubation in the Staining Medium 

4.2.2.1. The Composition of the Incubation Medium 

The specific nature of the media and conditions which have been used 
to localize a whole range of different enzymes are reviewed in Section 


4.3. There are some general features of the incubation process which 
seem worthy of comment. 
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Unlike the conditions employed in biochemical assays, those used 
in cytochemical localizations are rarely optimal for the activity 
concerned. There are many constraints which have to be considered 
when these media are formulated. For instance, the pH of the medium 
may not only influence the rate of the reaction but also: (a) the 
solubility of the reaction product; (b) the solubility of the reactants; 
(c) the binding of the product to charged subcellular structures; (d) 
the suppression of interfering activities; and (e) penetration of reactants 
into the tissue. 

Similarly the temperature of incubation is determined by factors 
such as the effects of temperature on the solubility of the product or 
whether a reaction will proceed too fast for an efficient capture reaction 
to take place. 

It may appear to a biochemist that the reaction conditions in a 
cytochemical medium are quite unsuitable; however, it is dangerous 
to modify them without a thorough understanding of the constraints 
involved. 


4.2.2.2. Duration of Incubation 


The period of incubation should be optimized so that all sites of 
activity are revealed. Although areas of high activity are generally 
readily demonstrated, it is more difficult to stain sites of low activity 
and places where permeability into an organelle or cell is restricted. 
‘False negative’ localizations, as they are called, are a significant 
problem since if incubation periods are extended to reveal them there 
is a danger of diffusion artifacts from areas of high activity. 

It is important to be aware that steep gradients in the intensity of 
staining can occur at increasing distances from the block face. Where 
the product can be seen at the light microscope level it is essential to 
cut preliminary sections right through the block to establish the extent 
of uniform staining, before trimming for electron microscopy. 

To obtain satisfactory results it is necessary to incubate batches of 
blocks for different times, and then compare those surface layers of 
cells showing uniform staining. Some clue as to appropriate incubation 
times can usually be obtained from the literature. 


4.2.2.3. Controls 
To establish that the stained areas are a true reflection of the 


distribution of the enzyme under study a series of controls are 
necessary. Two general classes of artifacts can be distinguished: 
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(1) ‘False positive’ localizations occur when the reaction product is 
found away from the true sites of enzymic activity. These can arise 
because the reaction product has diffused from its site of formation. 
Alternatively, a precipitate may be formed non-enzymically if the 
substrate is unstable or when a capture reagent is precipitated by 
some cellular component other than the reaction product. Another 
class of artifact occurs as a result of interfering enzymic activity. For 
instance, peroxidase, catalase and cytochrome oxidase can all oxidize 
diaminobenzidine to give the same insoluble product, and selective 
inhibitors have to be used to distinguish between them. 

(2) ‘False negative’ localizations occur when true sites of the enzyme 
do not contain the reaction product. This class of artifact is more 
difficult to diagnose. It can result from differential enzyme lability or 
a failure of the reactants to penetrate the tissue completely. 


Establishing that the precipitate is enzymically produced The most 
satisfactory way of establishing the true enzymic nature of reaction 
product is to include specific inhibitors of the enzyme in the incubation 
medium. A surprising number of these are available for different 
methods. It is important to establish that the inhibition is virtually 
complete and this may require preliminary biochemical assay. If the 
inhibitor penetrates the tissue more slowly than the substrate, confusing 
results will be obtained. This problem is usually circumvented by 
pre-incubating the tissue in the inhibitor before transferring it to the 
incubation medium. 

Another routine control is to incubate the tissue in a medium from 
which the substrate has been omitted. This will show up any non- 
enzymic precipitation. 

Some authors have used the lability of the enzyme as a control. 
Fixation conditions that completely deactivate sensitive enzymes 
should also prevent the formation of the reaction product when the 
tissue is subsequently incubated in a complete medium. Thermal 
deactivation in hot fixatives has also been employed (Opik, 1975). 


Controls for enzymically produced false localizations Enzymic reaction 
products may be deposited at sites away from where they were 
produced because precipitation is either not complete or immediate. 
Some reaction products are sparingly soluble or require some degree 
of supersaturation before precipitation can occur. Both these conditions 
will allow some movement of the reaction product. The problem is 
enhanced if there are nucleation sites within the material where 
conditions favour precipitation more than at the original site of 
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production. This is sometimes a problem in metal salt precipitation 
procedures. Controls can be used to reveal such artifacts though 
unfortunately they are rather inadequate. One method involves simply 
placing a slice of material in which activity has been destroyed into 
an incubation medium in which the reaction product is being produced 
(i.e. the incubation medium with the enzyme under study added to 
it), and then examining the surface cells of the section. Obviously this 
type of control is of limited value since the conditions at the surface 
of the control section may be quite different to those inside the 
incubated tissue block. 

Another class of artifact in this group is caused by the enzyme 
itself moving during fixation. This is not a significant difficulty if 
normal fixative concentrations are used. However, if the enzyme is 
very labile and very low levels of fixative are employed, there can 
be movement. 


Corroborative evidence The lack of definitive controls is a problem in 
both enzyme cytochemistry and immunocytochemistry; however, 
lingering doubts can usually be dispelled using complementary 
information from other sources. Cell and tissue fractionation are 
frequently used in conjunction with enzyme cytochemistry, and 
suspicions would be aroused if conflicting data were obtained. Similarly 
enzyme cytochemistry can be used together with immunocytochemistry 
if antibodies are available. In several cases where comparisons have 
been made between these techniques the results have proved to be 
reassuring. 

A fine example of the merits of a multifaceted approach is provided 
by the excellent paper of Tsaftaris et al. (1983). Tissue separation and 
immunocytochemical localizations indicated that catalase 2 was found 
Principally in the bundle sheath and catalase 3 was in the mesophyll 
of maize leaves. Background fluorescence and contamination of tissue 
fractions meant that neither technique was accurate enough to 
determine if each isozyme was entirely restricted to one cell type or 
the other. Using a catalase 2 deficient mutant in conjunction with 
enzyme cytochemistry, it was possible to demonstrate that the bundle 
sheath peroxisomes were completely free of reaction product while 
control plant microbodies were normal. 

In the future we can look forward to a more rigorous appraisal of 
enzyme cytochemistry. Using the methods of modern molecular biology 
it will be possible to target cytochemically detectable enzymes to 
different tissues and cellular compartments and compare their 
localizations. 
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4.2.3. Postincubation Procedures 


After the incubation it is usually necessary to rinse the tissue several 
times for 15-20-min periods to free it of incubation medium reactants. 
The rinsing medium varies, though often it is the buffer used for the 
postfixation procedure. Care must be taken to ensure this does not 
precipitate reactants and capture reagents. Subsequently the tissue is 
postfixed in 1-2% osmium tetroxide to further cross-link proteins and 
lipids. OsO, penetrates tissues very slowly and so small pieces of 
tissue are desirable. Fixation times are generally 1-2h in 100mm 
cacodylate buffer (pH 6-2-7-:0) at 4°C. After a postfixation wash, the 
tissue blocks are dehydrated and embedded by conventional EM 
methods. In rare cases special conditions are necessary to prevent 
solubilizing the reaction product (Paul, 1987). 

The embedded tissue is sectioned in the normal way though it is 
usually better to view both unstained and uranyl acetate/lead citrate 
stained material. If the cytochemical reaction product is faint it may 
be only possible to identify it in unstained sections. Where a heavy 
metal is used in the precipitation reaction it is possible to use X-ray 
analysis to aid positive identification. Besides conventional TEM, 
STEM and high-voltage electron microscopes have been used for 
viewing (Kausch, 1987), 


4.3. SPECIFIC TECHNIQUES 


This section is concerned with the specific methods which are available 
for the localization of enzymes at the ultrastructural level. Some of 
these techniques are discussed in detail: they represent both those 
methods with which we have some experience, and other methods 
which have been fully investigated in relation to plant tissues. Other 
procedures are discussed more superficially. These include some 
recently developed methods which have not yet been widely applied, 
and others which have been used largely with animal systems. In 
these cases, the principles have been outlined and useful references, 
giving further details, are listed. Again, it should be emphasized that 
the condition described may not be directly applicable to all plant 
tissues. Some modification may be necessary for a particular tissue 
and, ideally, this should be based on complementary biochemical 
studies. The general principles of enzyme localization discussed in the 
previous section should always be carefully considered. 
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4.3.1. The Phosphatases 
4.3.1.1. Principles of Metal Salt Procedures 


The phosphatases are a broad group of enzymes which share the 
ability to hydrolyse various phosphate esters with the release of 
inorganic phosphate. These enzymes may be localized by placing the 
tissue into a medium which contains both the substrate and an ion 
such as lead, calcium or, more recently, cerium which will immediately 
trap the phosphate released at the enzymic site as an insoluble 
phosphate precipitate. Since lead and calcium phosphates are rather 
difficult to see, the early light microscopists converted the phosphate 
into an equally insoluble black sulphide by exposing the tissue to a 
weak solution of hydrogen sulphide or ammonium sulphide: 


p-nitrophenyl phosphatase 
phosphate —————_————————_> p-nitrophenol + Pi 


| Pb2* 
PbS << insoluble 


insoluble black HS lead phosphate 
lead sulphide precipitate 


This technique was originally developed independently for alkaline 
phosphatase by Gomori and by Takamatsu in 1939, and the method 
now bears the former author’s name. Later it was shown that, if lead 
is used as the trapping agent, the product lead phosphate is electron- 
opaque and easily visible with the electron microscope, so that the 
conversion of lead phosphate to lead sulphide is unnecessary. 

Since the introduction of these lead-based methods, questions have 
been raised as to their validity. The lead deposit, which was frequently 
observed in the nucleus, was thought to be an artifact (Barka and 
Anderson, 1962), since there was little biochemical evidence for a nuclear 
phosphatase. In addition, the nuclear reaction was very inconsistent, 
apparently being dependent on several experimental variables (Barka 
and Anderson, 1962); the nuclear precipitate seemed to depend on the 
production of phosphate ions in the rest of the section, which suggested 
that the reaction product (inorganic phosphate) was able to diffuse from 
its site of production before precipitation. One explanation for the 
migration of phosphate was attributed to the affinity of the nucleus for 
lead phosphate. Another suggestion was that phosphate ions diffused 
from enzymic sites, where there was insufficient lead for their precipi- 
tation, to the nucleus, where the local concentration of lead was higher 
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due to the affinity of the nucleus for lead ions (Ericsson and Trump, 
1965). Gillis and Page (1967) also demonstrated that the binding of lead 
ions to particular parts of the cell may be responsible for the production 
of artifacts. Simply by placing muscle fibres firstly into lead nitrate and 
then into a phosphate solution, they produced a lead phosphate 
precipitate with almost an identical distribution to that obtained in their 
phosphatase localizations. Pretreatment with lead has not been extensively 
studied with plant tissues, although Washitani and Sato (1976) found 
a similar, preferential deposition to that reported by Gillis and Page 
(1967). The comparison, however, may not be strictly valid, since the 
concentration of inorganic phosphate employed to detect the lead may 
be very different from that released at the sites of enzymic activity. 
With plants, nuclear staining has been widely reported (e.g. Poux, 
1970; Sexton et al., 1971; Figier, 1972; Moore et al., 1987), and so similar 
problems may exist. However, in cotton fibres, nuclear staining 
does not appear to be non-specific and shows clear changes with 
differentiation (Joshi et al., 1985). 

Another disturbing feature observed in phosphatase localizations in 
animal cells was that the reaction product was often found not only in 
active organelles, such as lysosomes, but also in their immediate vicinity 
(e.g. Essner, 1973). These extraneous deposits were thought to be due to 
the diffusion of the reaction product away from the organelle, since the 
density of the precipitate decreased with increasing distance from the 
organelle. The movement of the reaction product from its site of 
production is treated in detail by Cornelisse and van Duijn (1973). 
Although lead phosphate is very insoluble, a certain degree of supersatu- 
ration is required before a precipitate will form, and this will allow the 
diffusion of lead phosphate away from its site of production. According 
to Cornelisse and van Duijn’s account of precipitation, the first step 
involves the formation of ionic or molecular clusters, which must exceed 
a certain size before precipitation can occur. This process is called 
‘nucleation’ and, to overcome the energy barriers involved, a certain 
degree of supersaturation is required. Unfortunately, nucleation can 
also be catalysed by the presence of particles, a process known as 
‘heterogeneous nucleation’. Because the particles lower the energy barriers 
against nucleation, the process of precipitation will be initiated at lower 
degrees of supersaturation. Thus it is possible for lead phosphate, 
produced at a point where a high degree of supersaturation is required 
for precipitation, to diffuse to another area where precipitation may occur 
at lower levels of supersaturation, thus producing artifacts. According to 
Cornelisse and van Duijn (1973), particularly favourable sites for 
heterogeneous nucleation would be particles 10-100 nm in diameter, 
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which strongly adsorb the ions involved. These types of sites are known 
to exist in cells, and nuclear staining may be brought about in this way. 

Discussions on the validity of lead-based techniques, particularly in 
relation to ATPase activity (see Section 4.3.5) have continued for many 
years. Although it is clearly essential to carry out full controls to detect 
artifactual staining, these methods have provided a great deal of useful 
information about the distribution of phosphatases in plants. More 
recently, however, an alternative to the lead salt procedure has been 
proposed. This uses cerium as the capture agent although, to date, 
this approach has been largely applied to animal systems. Cerium 
phosphate appears as a fine, granular electron-opaque deposit which 
may give more accurate localization than lead phosphate; the staining 
appears to be very consistent with few non-specific deposits (see 
Hulstaert et al., 1983; Robinson and Karnovsky, 1983; Angermuller and 
Fahimi, 1984; Hoefsmit et al., 1986). There may be problems of tissue 
penetration with cerium although, with animal culture cells, this has 
been improved by permeabilization with detergent (Robinson, 1985). 
There have been few applications of this procedure to plant cells 
although Record and Griffing (1988) have compared lead- and cerium- 
precipitation techniques in the localization of acid phosphatase in 
soybean protoplasts. 


4.3.1.2. Methods for Acid Phosphatase Localization 


The term acid phosphatase is used to describe an enzyme with an 
acid pH optimum which hydrolyses a wide range of phosphate esters. 
In plant cells this definition encompasses a group of enzymes, all of 
which have fairly broad but differing substrate specificities, and which 
have pH optima between 5-0 and 65. Some authors prefer the term 
‘acid phosphatases’, whilst others use more definitive names, e.g. B- 
glycerophosphatase, nitrophenylphosphatase, depending upon the 
substrate employed. This does not imply that the enzyme will only 
attack this substrate and, in some tissues, B-glycerophosphatase and 
nitrophenylphosphatase may well be the same enzyme. The procedures 
described below have been fairly successful when applied to a variety 
of plant tissues, and should provide a useful preliminary method. 
Some of the more frequently used modifications and extensions are 
also noted. 

The postfixation wash is extremely important in phosphatase 
procedures in order to remove both traces of fixative, which may 
interfere with the staining reaction, and the fixative buffer so that, 
when the tissue is placed in the incubation medium, the pH will 
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rapidly adjust to 5-0. This can be achieved simply by washing in 
several changes of water for 3-6h, though some authors prefer to 
wash the tissue in a series of acetate buffers of decreasing pH (7:2, 
6:5, 6-0, 5-5 and 5-0) (Marty, 1971; Berjak, 1972). Poux (1974) recommends 
that the washing medium is kept isotonic with the cell sap by adding 
10% sucrose. Another modification introduced by Poux (1967) is a 
citrate buffer wash (0-2m, pH 48), which is considered to remove 
insoluble salts of calcium, including calcium phosphate, which may 
make identification of the reaction product more difficult. 

A standard medium for acid phosphatase localization using ß- 
glycerophosphate as substrate and acetate buffer is given in Section 
4.4.1. The medium may be used immediately after preparation (Holt 
and Hicks, 1961), or after storage for up to 16 h at 37°C before filtration 
(Maier and Maier, 1972; Poux, 1974); the latter procedure is thought 
to reduce artifacts, although there is a danger that almost all lead ions 
will be removed, resulting in little or no reaction. 

An extensively used modification of this medium is that described 
by Barka and Anderson (1962) which uses Tris-maleate buffer to 
stabilize the lead and keep it in solution. This allows the lead nitrate 
concentration to be reduced to 2.4mm or lower (e.g. Moore and Walker, 
1981; Evert et al., 1988). Sorokin and Sorokin (1968) have examined 
both techniques by light microscopy with plant material, and have 
expressed a preference for the latter. 

Other substrates which have been employed in acid phosphatase 
localizations include p-nitrophenyl phosphate (Poux, 1970; Bowen and 
Bryant, 1978) and cytidine monophosphate (Domozych, 1989). Poux 
(1970) included 5% sucrose in the medium, which was considered to 
facilitate penetration. 

As discussed in Section 4.3.1.1, cerium is now used as an alternative 
to lead in metal capture procedures. Details of a medium used by 
Record and Griffing (1988) to localize acid phosphatase in soybean 
protoplasts is given in Section 4.4.2. 

It is very important in lead capture techniques to use thin slices of 
material (see Section 4.2.1.1). Incubation is normally carried out at 
25°C over a wide range of times. A quick estimate of the times required 
can be obtained by placing some of the incubated tissue slices into 
1% (NHy,)2S for 1 min for light microscope observation. If distinct 
intracellular black deposits of lead sulphide are observed, the incubation 
time is approximately correct; overincubation will result in general 
background staining. Times similar to or rather shorter than those 
used to get good light microscope localizations should be used for 
electron microscopy. The reaction is stopped by removing the material 
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from the incubation medium and washing for several hours in the 
incubation medium buffer or distilled water. Five per cent sucrose 
may also be added to the washing solutions (Poux, 1970). 


4.3.1.3. Controls 


Because of the ease with which artifacts can be produced with lead 
trapping procedures, fairly elaborate controls are necessary. The 
following are considered to be essential. 


No substrate controls These are necessary to ensure that the lead 
deposits are enzymically produced and not the result of precipitation 
of lead by other substances present in the sections. The tissue is placed 
in an incubation medium from which the substrate has been omitted 
and processed as for normal incubations. 


Controls to verify that the precipitate is enzymically produced If the 
precipitate is formed as a result of phosphatase activity, it should be 
sensitive to inhibitors and other factors which deactivate this enzyme. 
Both fluoride and molybdate are known to inhibit phosphatase activity 
and both have been included in the standard incubation medium to 
show that the production of lead phosphate is inhibited in their 
presence. Sodium fluoride is usually added to give a final concentration 
of 10mm although Hall (1969a) has shown that this concentration is 
only sufficient to reduce phosphatase activity by 70%, and should not 
leave sections free of reaction product as is usually stated. Molybdate 
should not be used as an inhibitor in lead-based procedures, since it 
will remove lead from solution as an insoluble lead molybdate. 

Alternatively, the sections may be subjected to procedures which 
should deactivate the enzyme (see Section 4.2.2.3). 


Controls for lead phosphate adsorption Rather crude methods have 
been used to investigate non-specific deposition of lead phosphate. 
Basically, the tissue is exposed to a solution in which lead phosphate 
is being generated. The simplest method is to place the tissue into 
10 ml of 3-6mmM lead nitrate in 50mm acetate buffer (pH 5-0) followed 
by the addition, with continual stirring, of 5 x 0-2 ml aliquots of 10mm 
NaH2PO,. The lead phosphate precipitate is washed from the sections 
before examining for lead deposits within the material. 

An alternative procedure involves the incubation of deactivated 
material in the normal incubating medium, to which has been added 
commercial acid phosphatase (5mgml~'). After 2h at 30°C, the 
sections are washed and examined. 
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Postincubation procedures Several studies have used an acetic acid 
rinse after the incubation since Gomori (1941) introduced this step 
(1 min, 1-2% acetic acid) to remove ‘protein-bound’ lead deposits from 
the tissue. Subsequent work on animal cells (Pearse, 1968) and plants 
(Sexton et al., 1971) has shown that the acid wash can also remove the 
reaction product, and so its use is not recommended. 

After the postincubation wash, the tissue is osmicated and embedded 
normally, since lead phosphate is not soluble in organic solvents. 
Sections are usually viewed initially without post-staining, although 
lead citrate and uranyl acetate staining can both be utilized, since 
neither causes the solubilization of lead phosphate. A typical example 
of acid phosphatase localization using this procedure is shown in 
Fig. 4.5. 


4.3.1.4. Alternative Procedure for Acid Phosphatase 


The problems associated with the lead trapping procedure provoked 
a search for other methods of localizing acid phosphatases by electron 
microscopy. An obvious candidate was the so-called ‘azo dye’ method 
which had been developed for the light microscope demonstration of 
phosphatases. This method makes use of the very broad substrate 
specificity of phosphatases which includes a- and -naphthyl phos- 
phates. Hydrolysis yields naphthol which combines with a diazonium 
salt to give an insoluble, coloured precipitate (see Pearse, 1968; Sexton 
and Hall, 1978, for details and development of technique). 

This method has been adapted for electron microscopy by using a 
mercury-substituted diazoate and was applied to the study of acid 
phosphatases in plants by Stewart and Pitt (1977). Compared to the 
Gomori procedure, it gave no nuclear staining. An alternative procedure 
uses p-nitrobenzene diazonium tetrafluoroborate as a coupling agent 
and naphthol AS-BI phosphate as substrate, and produces a distinctly 
crystalline azo dye (Charvat and Esau, 1975). It appears that the 
localizations were comparable to those obtained with the lead-based 
techniques, but had the advantages that the reaction product was finer 
and there was a greater certainty of obtaining satisfactory controls. 
The incubation medium used for this procedure is given in Section 
4.4.3. However, it must be noted that these procedures have not been 
widely used with either animal or plant tissues. 
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Fig. 4.5. Localization of acid phosphatase activity by lead precipitation in pea roots. 
Electron micrograph showing electron-opaque deposits in the cell wall (cw), vacuoles 
(v) and nucleus (n). Glutaraldehyde-fixed sections (125 um) were incubated for 8 min 
at 28°C (Xx 11900). Reproduced, with permission, from Sexton et al. (1971). 


4.3.2. Alkaline Phosphatase 


The alkaline phosphatases are non-specific enzymes that hydrolyse 
monoesters of phosphoric acid and show optimum activity in the 
range pH 7-6-9-9. They occur widely in animal tissues, although there 
is very little evidence of their presence in plants. They may be localized 
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either by direct, or by indirect, two-step methods. In the former, the 
released phosphate is captured by a heavy metal, such as lead, usually 
in the presence of a chelating agent to enhance lead solubility, which 
tends to precipitate in the reaction medium at alkaline pH values. In 
the two-stage methods, phosphate is trapped by calcium, since calcium 
phosphate is insoluble at high pH values. The calcium phosphate is 
then converted into the salt of lead, cobalt or silver to increase opacity 
to electrons. Full details of the methods devised for various animal 
systems are described by Borgers and Verheyen (1985). Cerium-based 
methods have also been used for the localization of alkaline phosphatase 
in animals (Hulstaert et al., 1983; Robinson and Karnovsky, 1983). 


4.3.3. Glucose-6-phosphatase 


This enzyme has not been extensively studied in plant tissues. In 
animal cells, it is very sensitive to aldehyde fixation (Shnitka and 
Seligman, 1971), and cytochemistry has indicated that it is a specific 
marker for endoplasmic reticulum (ER) (Farquhar et al., 1974). However, 
using a similar reaction medium to that employed in animal studies 
(see Section 4.4.4), glucose-6-phosphatase appeared to be localized in 
the plasma membrane and tonoplast of beetroot cells (Hall, 1977) and 
in the plasma membrane, cell wall and vacuole in maize root cap cells 
(Moore and McClelen, 1985). Again cerium methods have been used 
with animal cells where staining is localized in the ER and nuclear 
envelope (Robinson and Karnovsky, 1983; Hoefsmit et al., 1986); 
staining was considered to be more consistent with fewer non-specific 
deposits than with the lead-based technique. 


4.3.4. Thiamine Pyrophosphatase 


This enzyme may also be studied by lead precipitation procedures 
and, in animal cells, it is localized in the Golgi bodies, ER, plasma 
membrane and lysosomes (Farquhar et al., 1974; Borgers and Verheyen, 
1985). In plant cells, reaction product was largely restricted to the Golgi 
bodies in maize root cells (Dauwalder et al., 1969), and in the green 
alga Gloeomonas (Domozych, 1989), but was also clearly associated with 
the plasma membrane and vacuoles in Cucumis roots (Poux, 1967). A 
staining medium is given in Section 4.4.5. The potential of a cerium- 
based technique must also be considered since it is claimed that this 
gives a superior localization in animal cells (Robinson and Karnovsky, 
1983; Angermuller and Fahimi, 1984). 
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4.3.5. Adenosine Triphosphatase (ATPase) 


The general term ATPase is used to describe a range of enzymic 
activities which catalyse the hydrolysis of ATP to yield inorganic 
phosphate. In both plant and animal cells, this term describes a 
group of enzymes associated with different cellular membranes and 
physiological functions, and includes the Na*, K*-Mg**-transport 
ATPase from animal plasma membranes, the coupling ATPase of 
mitochondria and chloroplasts, the Ca?*-ATPases associated with the 
plasma membrane and ER, and the different H*-ATPases associated 
with the plant plasma membrane and tonoplast. The biochemical 
characteristics of these enzymes, particularly in relation to plant cells, 
are fully described in recent texts by Baker and Hall (1988) and Dainty 
et al. (1989). ATPase and other nucleoside phosphatases have now 
been localized in a wide range of animal and plant tissues by lead 
precipitation procedures based on the method described by Wachstein 
and Meisel (1957). However, the range of phosphatase activities found 
in many membranes, coupled with the non-quantitative nature of the 
cytochemical procedure, means that the precise specificity of the 
cytochemical staining reaction is often difficult to establish. 

The validity of lead precipitation procedures for the localization of 
ATPase activity in animal cells has perhaps been the most controversial 
area of enzyme cytochemistry. Clearly, the problems already discussed 
in relation to acid phosphatase location may also apply to ATPase. 'n 
addition, the technique has been severely criticized on two main 
grounds: that lead both inhibits ATPase activity and also catalyses a 
non-enzymic hydrolysis of ATP and other nucleoside phosphates, 
which could account for a significant proportion of the reaction product 
deposited in membranes (see Moses and Rosenthal, 1968; Tice, 1969). 
The validity of the technique has been defended by Novikoff (1970), 
based particularly on the differential staining of cellular membranes 
using various nucleoside phosphates as substrates. These arguments 
have been well summarized by Essner (1973). Thus, although lead- 
catalysed hydrolysis of ATP does occur, it may not account for the 
whole of the reaction product observed in cytochemical studies. It may 
be added that, under the conditions employed for the localization of 
ATPase in plant tissues, the rate of ATP hydrolysis in the presence of 
lead was considerably lower than that reported by Rosenthal and co- 
workers, and was not considered to be a significant source of artifact 
(Hall, 1969b). 

Other questions concerning the validity of lead precipitation 
techniques have been raised in studies of plant tissues. For example, 
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Van Steveninck (1979) suggested that membrane-associated deposits 
attributed to ATPase activity are non-specific and contain no lead. 
However, full controls confirmed the enzymic origin of such deposits, 
and analytical electron microscopy confirmed the presence of lead (Hall 
et al., 1980). Katz et al. (1988) have suggested that deposits seen in oat 
roots are due to a soluble phosphatase and not to the plasma membrane 
H*-ATPase. This is based on the lack of substrate specificity and 
inhibition by fixation and by lead. However, other reports have shown 
a more specific substrate response (e.g. Eschrich, 1983; Sossountov and 
Habricot, 1985; Joshi et al., 1988; Woods et al., 1988), while the problem 
of aldehyde inhibition may be tackled by using milder fixation than 
used by Katz et al. (1988) together with substrate protection (see 
Section 4.2.1.3). 

Alternative approaches that have been employed with animal cells 
are to use strontium (Ernst, 1975) or cerium (Hulstaert et al., 1983) as 
the capture agent, but there are no published reports of their application 
to plant tissues. Preliminary studies in this laboratory suggest that 
cerium-based techniques can be used to localize ATPase in plant 
tissues and a comparison of lead- and cerium-based staining is shown 
in Fig. 4.6. A method is given in Section 4.4.7. 

The lead-based procedure has, however, been applied to a wide 
variety of plant systems, and a typical staining medium is described 
in Section 4.4.6. For example, in maize roots the staining reaction is 
found to be associated with many cellular organelles (see Hall, 1971); 
this localization is consistent with biochemical studies that report 
ATPase activity in association with several membranes and organelles. 
However, very few reports have attempted to assess the specificity of 
the staining reaction by careful comparison with what is now known 
of the kinetic characteristics of the various plant membrane ATPases 
(e.g. Chaffey and Harris, 1985), although a set of criteria for the plasma 
membrane H*-ATPase has been suggested by Katz et al. (1988). These 
techniques have perhaps been most useful when applied to systems 
that are less accessible to direct biochemical assay. These have included: 
phloem loading and unloading (e.g. Browning et al., 1980; Eschrich, 
1983; Oparka, 1986); fibre elongation (Joshi et al., 1988); nectary 
secretion (e.g. Eleftheriou and Hall, 1983); haustorial infections (e.g. 
Woods et al., 1988). mycorrhizas (Marx et al., 1982; Lei and Dexheimer, 
1988); aleurone layers (Jones, 1987); and scutellar cells (Chaffey and 
Harris, 1985). 
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Fig. 4.6. Localization of ATPase activity in maize root cells using lead- and cerium- 
based techniques. Electron micrographs showing (A) staining using a standard lead 
precipitation method, and (B) staining using a cerium-based technique. Note the heavy 
staining at the plasma membrane with both methods. The lead method tends to show 
more staining in the cytoplasm, whereas the cerium method frequently shows some 
precipitation in the cell wall (A x 13200; B x 13200). cw, cell wall, v, vacuole. 
Unpublished micrographs provided by Dr E. Chauhan. 


4.3.6. Nucleoside Phosphatases 


Apart from ATPase, other nucleoside phosphatases have been localized 
by lead precipitation techniques using a range of nucleoside mono-, 
di- or triphosphates as substrate. Perhaps the most extensively studied 
enzyme has been inosine 5’-diphosphatase (IDPase), considered to be 
a specific marker for the Golgi body in many animal biochemical 
studies. An incubation medium for IDPase is given in Section 4.4.8. 
Some plant cells show intense activity for IDPase in the Golgi bodies 
(e.g. Domozych, 1989 and Fig. 4.7), although reaction product has also 
been observed in the plasma membrane, vacuolar membrane and ER 
(Poux, 1967; Dauwalder et al., 1969; Zoar and Schnepf, 1969; Goff, 
1973; Moore et al., 1987). IDPase activity in onion roots was very 
sensitive to glutaraldehyde fixation although, after fixation, was not 
inhibited by lead (Goff and Klohs, 1974). 
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Fig. 4.7. Localization of IDPase activity in the green alga, Gloeomonas kupfferi. Note the 
specificity of staining at the level of the dictyosome (arrows) around the nucleus (N) 
(x 8800). Reproduced, with permission, from Domozych (1989). 


Cerium-based techniques have been used to localize nucleoside 
phosphatases in animal cells and were considered to be superior to 
the standard lead precipitation procedures (Hulstaert et al., 1983; 
Robinson and Karnovsky, 1983). To date there are no reports of their 
application to plant tissues. 
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4.3.7. Nucleases (Deoxyribonuclease and Ribonuclease) 


Coulomb (1969) has used the technique originally developed by 
Aronson et al. (1958) and modified by Vorbrodt (1961) to determine 
the distribution of DNAase in root tip cells. In this technique, the 
section is placed in a medium which contains DNA (or RNA), 
commercial acid phosphatase and lead nitrate. The DNAase in the 
tissue liberates nucleotides from the DNA, which are then hydrolysed 
by the phosphatase to release phosphate ions, which are precipitated 
in the presence of lead. It is clear that this method must suffer from 
all the defects of the acid phosphatase technique, plus additional 
problems related to the extra enzymic step involved. For instance, the 
rationale relies on the rather weak assumption that hydrolysis of the 
nucleotide by the phosphatase occurs immediately it is formed, thus 
providing no time for diffusion. Problems may also be encountered 
with the diffusion of large molecules, such as DNA and acid 
phosphatase, into the tissue. Certainly relatively long incubation 
periods (18 h at 0-4°C, 90 min at 37°C) were needed to demonstrate 
DNAase activity in pollen (Vaughn, 1982). There have been very few 
reports of nuclease cytochemistry in plant cells though the subject has 
been reviewed by Clapham (1987). the immunocytochemical approach 
is likely to be used more frequently in the future. 


4.3.8. Sulphatases 


The sulphatases are a group of enzymes which catalyse the hydrolytic 
cleavage of sulphate esters: 


R-OSO;— + HO ——> ROH + H' + $0, 


The aryl sulphatases, which have been investigated cytochemically, 
hydrolyse substrates in which R-OH is a phenol or a close derivative. 
Whilst most histochemical investigations have been concerned with 
animal enzymes, aryl sulphatases have also been studied in plants, 
both cytochemically (e.g. Olszewska and Gabara, 1964; Poux, 1967) 
and biochemically (Farooqui et al., 1977). 

The similarity between the sulphatase reaction and that described 
above for the phosphatases had led to the development of cytochemical 
procedures using the same principles. At the light microscope level, 
naphthol sulphates have been employed as substrates, the liberated 
naphthols being coupled to diazonium salts to yield an insoluble 
dye product. These methods have not been modified for electron 
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microscopy, as they have for the phosphatases, and the ultrastructural 
methods all rely on the use of heavy metal trapping agents. Both lead 
(Goldfischer, 1965) and barium (Hopsu-Havu et al., 1965) have been 
developed as capturing ions, though plant biologists have tended to 
use the former method (Poux, 1967). The usual substrate employed is 
nitrocatechol sulphate, which is commercially available in a pure form. 
The incubation medium used by Poux (1967) is given in Section 4.4.9. 
With Cucumis root tips, activity was largely associated with the nuclear 
envelope and endoplasmic reticulum. In animals, activity is most 
commonly found in the lysosomes, though endo-membrane staining 
has also been found (Borgers and Verheyen, 1985). 

Many of the limitations and criticisms of the phosphatase lead 
trapping methods must presumably apply to those sulphatase tech- 
niques. Indeed, Arstila et al. (1967) describe the diffusion of the 
reaction product and non-specific binding of both lead and barium. 
An additional problem encountered with sulphate precipitates is that, 
whilst they are very insoluble in water, they are soluble both in 
solutions containing organic acid radicals that form complexes with 
them (i.e. acetate, tartrate and citrate) and also in potassium and 
sodium hydroxide (Greninger et al., 1975). The usual staining methods 
employing lead citrate will remove the precipitate from the sections, 
and hence modified procedures have to be employed (Kalimo et al., 
1968). These enzymes have been reviewed by Hopsu-Havu and 
Helminen (1974) with particular emphasis on mammalian systems. 


4.3.9. Non-specific Esterases 


These are a heterogeneous group of enzymes which hydrolyse a broad 
range of carboxylic acid esters: 


R — COOR’ + H2O = R-COOH + R'OH 


Perhaps the simplest cytological method for demonstrating the distri- 
bution of esterases is that using thioacetic acid (CH3;COSH) as a 
substrate (Crevier and Belanger, 1955). This method was originally 
used to demonstrate acetyl-cholinesterase activity in animal cells, but 
the substrate was found to be attacked by non-specific esterases 
(Wachstein et al., 1961). In this reaction, the substrate is hydrolysed 
to give hydrogen sulphide and acetic acid as products and, if the 
incubation medium includes lead nitrate, electron-dense lead sulphide 
will be produced. Enzymes capable of hydrolysing this substrate are 
present in plants and have been successfully localized at the electron 
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microscope level (Berjak, 1968). However, the method has the reputation 
of being unreliable with some histochemists (Pearse, 1972), one of the 
problems being the spontaneous hydrolysis of the substrate (Wachstein 
et al., 1961; Shnitka, 1974) which leads to spurious staining. Azo dye 
methods have also been used to localize esterases in plants at the light 
(Knox and Heslop-Harrison, 1970; Williamson, 1973; Benes, 1974) and 
electron microscope levels (Gahan and McLean, 1969; Livingston et al., 
1969). These employ various naphthol acetates as substrates, the 
product being coupled to an electron-dense diazonium salt. The 
principles and problems of these azo dye techniques have been 
described above and in Section 4.3.1.4, and a staining medium used 
for plant material given in Section 4.4.10. There is a wide range of 
other methods for localizing esterases, and these have been discussed 
at some length by Shnitka (1974). 


4.3.10. Lipase 


Lipase is an esterase showing greater substrate specificity than the 
esterases described above. Originally it was thought that lipases only 
hydrolysed esters of glycerol with long-chain fatty acids, but their 
substrate range is now known to be wider and to overlap to some 
extent with the non-specific esterases. 

Gomori (1945) initially described the localization of lipases using 
water-soluble esters of long-chain fatty acids with polyglycols or 
polymannitols as substrates. These substrates are available as Tween 
detergents, Tween 80 being an oleic acid ester. The tissue is incubated 
in a medium containing the Tween substrate and calcium chloride. 
The fatty acids liberated as a result of enzymic hydrolysis are 
precipitated as insoluble calcium soaps. The tissue is then briefly 
washed with EDTA to remove calcium and placed in lead nitrate 
solution. The calcium soaps are converted to electron-opaque lead 
soaps (Nagata, 1974). 

These methods have been adapted for use with plant material by 
Carrapico and Pais (1983). The technique is described by Pais (1987) 
with details of how inhibitors and activators can be used to distinguish 
lipase from non-specific esterase activity. The results show that both 
acid and alkaline lipases are localized in microbodies, and the latter 
is also present in mitochondrial membranes (Pais and Feijo, 1987) 
(Fig. 4.8). A staining medium is given in Section 4.4.11. 
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Fig. 4.8. Localization of alkaline (A) and acid (B) lipase activity in maturing pollen 
grains of Ophrys lutea. Electron micrographs showing the staining for lipase activity 
which is mainly restricted to the microbody (m) membrane (A x 58000; B x 40000). 
Reproduced, with permission, from Pais and Feijo (1987). 


4.3.11. Glycosidases 


Glycosidases are enzymes which hydrolyse glycosidic linkages and 
include enzymes which attack true glycosides and also N-glycosyl and 
S-glycosyl compounds. The f-glucuronidases, which hydrolyse Ļß- 
glucuronides, have been the most thoroughly studied by cytochemists, 
and will be discussed here. A method for a B-thioglucosidase 
(myrosinase) is outlined in the next section. 

The ultrastructural methods for glycosidases are all based on the 
production of an azo dye as described for acid phosphatases (see 
Section 4.4.3). The problem has been, as with the phosphatases, to 
increase the electron-opacity of the insoluble precipitate produced by 
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the coupling reaction. Essentially the same procedures as described 
earlier are used, except that a substrate for glucuronidase replaces the 
phosphatase substrate. Thus, naphthol AS/B8-glucuronic acid was used 
by Livingston et al. (1969) and naphthol AS-BI8D-glucosiduronic acid 
by Smith and Fishman (1969) and Bowen (1971). This last method is 
detailed in Section 4.4.12. The complete range of these methods is 
reviewed by Bowen (1973). They have not yet been widely applied to 
plant tissues at the ultrastructural level, though there are a number of 
light microscope studies (e.g. Ashford and McCully, 1973). Hislop et 
al. (1974) have also developed a method for the ultrastructural 
localization of a-L-arabinofuranosidase in fungal hyphae which may 
be of potential use to botanists. 


4.3.12. Myrosinase 


This enzyme catalyses the hydrolysis of thioglucosides (glycosinolates) 
to yield isothiocyanate, glucose and bisulphate: 


z5 = C6H1105 
R-C + HO —> R-N=C=S + Ce.H 1206 


x 
N y-0-s0,- + HSO, 


It is also known as £-thioglucosidase, sinigrinase and thioglycoside 
glucohydrolase; both substrates and enzyme occur widely in the 
Cruciferae. The enzyme may be localized by the precipitation of 
sulphate ions, produced by the hydrolysis of the glucoside sinigrin, 
as lead sulphate. The reaction has been thoroughly studied by Iversen 
(1970, 1973), and the staining medium given in Section 4.4.13. 

With root tips of Sinapis alba, Iversen (1970) showed, by both 
biochemical and cytochemical assays, that myrosinase was completely 
inhibited by 3% glutaraldehyde; fixation in 4% formaldehyde was 
recommended even though fine structure was less well-preserved. 
Activity was confined to the dilated cisternae of the endoplasmic 
reticulum and, to a lesser extent, to the mitochondria. 


4.3.13. Cellulase 


Cellulase is an important enzyme in the breakdown of B1-4-linked 
glucans in the cell wall. The method of localizing the enzyme was 
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first described by Bal (1974). Pea epicotyl sections were placed in 
carboxymethylcellulose, a soluble cellulase substrate. After a period of 
incubation, the reducing sugars released by the enzyme were localized 
by heating the tissue to 80°C in Benedict’s solution, resulting in the 
deposition of electron-opaque cuprous oxide crystals at the site of 
reducing sugar production. The original method has been slightly 
modified by Nessler and Mahlberg (1981) and used with some success 
to localize the cellulases involved in laticifer formation. A staining 
medium is given in Section 4.4.14. 

Although the localizations achieved with this method seem to be 
consistent with what would be expected from other observations, the 
method appears to suffer from a number of potential shortcomings. 
First, the products of the enzymic hydrolysis must be able to diffuse 
away from their site of production i.e. during the incubation period 
before the tissue is placed in Benedict’s solution. Secondly, high levels 
of endogenous substrate might be anticipated. Thirdly, incubating the 
tissue at 80°C must have a detrimental effect on the structural 
preservation. 


4.3.14. Pectinase 


Pectinases or polygalacturonases are implicated in the breakdown of 
the middle lamella during processes like fruit ripening and abscission. 
The method of Allen and Nessler (1984) is a modification of the Bal 
(1974) cellulase technique (see Section 4.3.13). Small blocks of fixed 
tissue were washed overnight and incubated in a solution of pectin. 
Hot Benedict’s solution was then used to localize the galacturonic acid 
residues liberated as a result of enzymatic hydrolysis. Although the 
procedure has been used to localize the pectinase activity in non- 
articulated laticifers, some problems were encountered. In no substrate 
controls, copper deposits were found in the middle lamella area, which 
might be attributed to hydrolysis of endogenous pectin in that region 
of the wall. The reaction product was sometimes dispersed, possibly 
as a result of diffusion of galacturonan residues during the incubation 
prior to their reaction with Benedict’s solution (Nessler and Allen, 
1987). 


4.3.15. Proteases 


The techniques available for the ultrastructural localization of proteo- 
lytic enzymes do not appear to have been used with plant material. 
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However, a variety of methods have been developed for the demon- 
stration of these enzymes (Smith and van Frank, 1975) which could 
be of great value in botanical studies. 

The hydrolysis of the amino acid derivatives of B-naphthylamine 
by amino peptidases has been widely used for the biochemical assay 
and light microscope localization of these enzymes. The principle 
involved is as follows. The substrate (e.g. L-leucyl-6-naphthylamide) 
is hydrolysed to the corresponding amino acid (e.g. leucine) and B- 
naphthylamine. The latter yields a coloured azo dye precipitate in the 
presence of a suitable diazonium salt. Unfortunately, considerable 
diffusion of the product occurs due to the slow rate of coupling of the 
B-naphthylamide to the diazonium salt. The development of other 
amino acid derivatives, principally of 4-methoxy-B-naphthylamine, 
which yield a faster coupling product has been the subject of an 
extensive review (Smith and van Frank, 1975). These authors describe 
in detail several methods which have been used successfully to localize 
these enzymes at the ultrastructural level. 


4.3.16. Dehydrogenases 


Enzymically catalysed dehydrogenation reactions bring about the 
transfer of electrons from the substrate to natural hydrogen (electron) 
acceptors. The principle behind the cytochemical localization of these 
enzymes is the substitution of an artificial acceptor which, when 
reduced, produces an insoluble product. 

One of the first electron acceptors to be used was potassium tellurite; 
however, the method had serious shortcomings (Sedar and Rosa, 1961). 
It was subsequently found that tetrazolium salts developed for light 
microscope dehydrogenase histochemistry could also be used at the 
EM level. They are reduced to insoluble pigmented formazan products 
which were insoluble in most solvents. Nitroblue tetrazolium (NBT) 
was used to localize succinic dehydrogenase in plants by Avers and 
Tkal (1963). The formazan deposits derived from NBT were not ideal 
since they were too large for high-resolution studies and were not 
electron-opaque enough to be easily distinguished. There were also 
problems with membrane penetrability and non-specific adsorption 
(Sexton and Hall, 1978; Ekes, 1987). In spite of these drawbacks, 
Gershenzon et al. (1989) described the very successful use of NBT to 
study the localization of carveol and alcohol dehydrogenases in 
spearmint. Tetranitro BT (TNBT) which was also developed for light 
microscopy has advantages when employed for EM work; the relative 
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merits of these compounds are discussed by Ekes (1987). Attempts 
have been made to develop tetrazoliums specifically for ultrastructural 
work (Sexton and Hall, 1978). One of these, BSPT, has recently been 
used by Elzenga and Prins (1987) to study plasma membrane reductase 
activity in Elodea leaves. 

In view of the difficulties associated with the use of tetrazoliums, 
alternative electron acceptors have been sought. Ferricyanide was 
introduced as such a reagent by Ogawa et al. (1968). The ferricyanide 
was reduced to ferrocyanide which, in the presence of cupric ions, 
was captured as insoluble cupric ferrocyanide. This product is fine 
and exhibits sufficient electron opacity for unequivocable identification 
even in stained tissues. A chelating agent must be included in the 
medium to prevent the precipitation of copper hydroxide (Ekes, 1987). 
In early methods citrate was used but this proved unsatisfactory 
because diffusion of the ferrocyanide product occurred (Ekes, 1987). 
Kerpel-Fronius and Hajos (1968) replaced the citrate with tartrate 
and obtained excellent localizations. Apparently uranyl acetate and 
manganous chloride can also be employed as precipitating agents, 
eliminating the necessity for a chelator (Ekes, 1987). Ekes (1970, 1981), 
Valanne (1975), Bell (1979) and Beezley et al. (1976) used these 
methods to localize succinic dehydrogenase, malate-driven ferricyanide 
reductase and glycolate dehydrogenase in a variety of different plant 
tissues. Morré et al. (1987) have also reported the localization of NADH- 
ferricyanide oxidoreductase in the plasma membrane and tonoplast of 
soybean cells. Ferricyanide also has its disadvantages. It is reduced 
non-enzymatically by thiol and other groups found in the cytoplasm 
and can inhibit dehydrogenase activity (Ekes, 1987). 

For cytochemical purposes three groups of dehydrogenases are 
distinguished (Ekes, 1987): 


(1) The flavoprotein dehydrogenases like succinic dehydrogenase 
which transfer reducing equivalents directly to an acceptor in 
the electron transport chain. In cytochemical incubations plant 
succinic dehydrogenase is thought to reduce NBT and TNBT 
directly (Kalina and Palmer, 1968), ferricyanide being reduced 
principally at the cytochrome c site (Kalina et al., 1969). 

(2) The second group directly oxidize reduced coenzymes NAD(P)H; 
they are variously called diaphorases and NAD(P)H tetrazolium/ 
ferricyanide (oxido) reductases. In these cases the electron 
acceptor is thought to be reduced directly. 

(3) The pyridine nucleotide (NAD(P))-linked dehydrogenases, like 
malate dehydrogenase and glyceraldehyde-3-phosphate dehydro- 
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genase, transfer two electrons and protons to reversible dissoci- 
able coenzymes. Under usual histochemical conditions NAD(P)H 
cannot donate electrons directly to artificial acceptors (Ekes, 1987). 
In these cases the reduction of the cytochemical electron acceptor 
is mediated by an NAD(P)H oxidoreductase. As a consequence 
the final precipitate localizes the sites of diaphorase activity 
though primarily depending on the activity of the enzyme under 
study (Ekes, 1987). The sequence of reactions involved in 
localizing lactate dehydrogenase according to Van Wijhe et al. 


(1963) are: 
Lactate NAD Formazan 
Lactate 
`) dehydrogenase ( N Diaphorase ( 
Pyruvate y NADH; Nae 


Some authors include phenazine methosulphate (PMS) in the incu- 
bation medium. This usually increases the amount of staining observed 
with NAD(P)-linked dehydrogenases. This effect of PMS is explained 
by its ability to mediate the direct transfer of electrons from NAD(P)H 
to NBT, by-passing the diaphorase, though some believe the latter is 
still involved. Ekes (1987) discusses this matter in depth. Dimethyl- 
sulphoxide (DMSO) similarly is included during incubation to facilitate 
the demonstration of certain dehydrogenases. It is thought to act by 
increasing electron transfer and accelerating substrate penetration 
(Ekes, 1987). 

A major problem associated with dehydrogenase cytochemistry is 
the extreme sensitivity of the enzymes to fixation. For instance, in a 
study of malic dehydrogenase we established by assay that 90% of 
the total activity was lost after 30 min fixation in glutaraldehyde 
(Sexton and Hall, 1978). To overcome this problem it is common to 
incubate fresh sections and then fix in both glutaraldehyde and then 
osmium tetroxide later (see Ekes, 1981, 1987; Gershenzon et al., 1989; 
Elzenga and Prins, 1987) (Fig. 4.3). If prefixation is left out then cellular 
ultrastructure degenerates, penetration barriers remain intact and 
soluble enzymes move. Attempts have been made to remove these 
barriers using detergents like Tween 20 (Gershenzon et al., 1989). In 
a number of cases it has been found that 0-1% glutaraldehyde fixation 
helps to stabilize cell structure yet does not completely deactivate the 
dehydrogenase (Ekes, 1981; Morré et al., 1987). 

The incubation procedures and controls used in plant dehydrogenase 
cytochemistry are dealt with in detail by Ekes (1987). This excellent 
review is recommended to all potential users. 
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4.3.17. Peroxidase and Catalase 


Peroxidases catalyse the reduction of hydrogen peroxide to water using 
electron donors other than hydrogen peroxide, according to the 
equation: 


AH, + H,O, — A + 2660 


The range of electron donors is wide and includes phenols, amines 
and alcohols. Benzidine was initially used as substrate for light 
microscope histochemistry since it gave a coloured product of 
limited solubility. In 1966, Graham and Karnovsky introduced 3,3’- 
diaminobenzidine (DAB) as a superior substrate. The oxidation product 
was virtually insoluble in water and most embedding solvents and 
produced osmium black when the tissue was exposed to OsO,. This 
could readily be identified with the TEM. As we shall describe below, 
this method has been widely adapted to localize peroxidases in plant 
tissues. 


In 1968, Novikoff and Goldfischer modified Graham and Karnovsky’s 
medium to visualize microbodies in animal cells. This was achieved 
by altering the H,O, and DAB concentrations and carrying out the 
reaction at an alkaline pH (8-0-9-0). It was suggested that catalase in 
the microbodies might be responsible for this reaction. Catalase 
normally catalyses: 


2H,O, n= 2H,O + Oz 


The reaction is similar to peroxidase but in this case H2O% acts as 
both electron donor and acceptor. Earlier biochemical work had 
established that catalase could act peroxidatically under certain 
conditions and other hydrogen donors (AH2) could replace hydrogen 
peroxide. Chance (1950) postulated that the reaction of catalase (E) 
with H,O, occurred as follows: 


+E 
E + H2O, <—» EHO, complex <———>__ + 2H,O 
+ AH, +A 


It seemed possible that DAB was acting as an H donor, and work with 
pure catalase showed this reaction was possible. 3-Amino-1,2,4-triazole 
(AT) is a potent inhibitor of catalase but has little effect on peroxidase. 
The inhibitor prevented microbody staining, which consequently could 
be attributed to the peroxidatic activity of catalase. It was shown that 
glutaraldehyde fixation, high pH in the incubation media, and high 
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temperatures enhanced the peroxidatic activity of catalase (for historical 
review, Sexton and Hall, 1978). In 1969, both Frederick and Newcomb 
(1969) and Vigil (1969, 1970) produced superb localizations of catalase 
in the peroxisomes of leaves and glyoxysomes of castor bean endosperm, 
using aminotriazole as a selective catalase inhibitor. Since these early 
uses this cytochemical method has become ‘indispensible for the 
routine identification of peroxisomes ... a metabolically important 
organelle but one lacking definitive structural characteristics’ (Frederick, 
1987). 


4.3.17.1. Peroxidase 


Peroxidase is not very sensitive to aldehyde fixation and so schedules 
can be used which give good morphological preservation (Hall and 
Sexton, 1972). Peroxidase is usually determined by incubating at room 
temperature with DAB at neutral or slightly acidic pH (5-6-7-5). 
Although the pH optimum determined by biochemical assay is 5-4-55 
(Hall and Sexton, 1972; Griffing and Fowke, 1985), some isozymes are 
active at alkaline pHs. Clearly it is difficult to be sure that staining is 
due to true peroxidase activity rather than the peroxidatic activity of 
catalase. To minimize catalase interference, low incubation pHs are 
preferred when little or no catalase activity is detected (Frederick, 
1987). Low HO, concentrations are also found when the peroxidase 
incubation mediums are compared with those optimized for catalase 
detection (Roels et al., 1975; Fahimi, 1979). 

DAB penetrates fixed tissues slowly and staining is usually restricted 
to the outer cell layer(s) of the fixed block (Hall and Sexton, 1972) 
(Fig. 4.2). This problem can be alleviated by using thin slices of 
material and pre-incubating in the incubation medium without H202. 
The extent of the brown oxidation product should always be determined 
before EM sectioning by viewing transverse sections of the entire 
block with the light microscope. 

The main tool used to distinguish between catalase and peroxidase 
is the latter’s insensitivity to 3-amino-1,2,4-triazole. The tissue is 
usually preincubated for 20-120 min in 20mm aminotriazole which is 
also incorporated into the incubation medium. Aminotriazole is a 
potent inhibitor of catalase (see below), so if this treatment fails to 
reduce staining, peroxidase is assumed to be involved. Potassium 
cyanide (10-100mm) can also be used as it is an inhibitor of 
haem-containing enzymes including peroxidase. If preincubation is 
employed, KCN is usually fairly effective against peroxidase (Griffing 
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and Fowke, 1985) though some isozymes are insensitive (Poux, 1972, 
1974). 

Controls in which H,O, has been omitted can give low levels of 
staining. This is attributed to endogenous H2O, generation in the 
tissue. To overcome this problem, purified catalase can be included in 
the medium (1 mg ml-!: Poux, 1974) or 2mm sodium pyruvate (Fahimi, 
1969; Vigil, 1970; Parker and Lea, 1983). Frederick and Newcomb (1969) 
incubated their tissue in oxygen-free conditions. 

DAB, as the tetrahydrochloride, is considered a ‘borderline’ carcino- 
gen (Frederick, 1987; Griswold et al., 1968) and so should be 
handled with appropriate precautions. Alternative substrates have been 
employed (Imberty et al., 1984), though they have not been widely 
adopted. 

In the light, DAB auto-oxidizes in the incubation medium to a 
brown ‘DAB oxide’. DAB oxide is irreversibly bound to haem proteins 
in mitochondria and microbodies (Hirai, 1968). This is usually not a 
problem as long as the incubation is not carried out in the light and 
the medium is not left exposed to the air for more than one hour. If 
DAB oxide binding is suspected, there are controls which can be used 
to confirm the artifact (Hall and Sexton, 1972; Olah and Mueller, 1981). 
DAB itself may also become specifically adsorbed by particular parts 
of the cell. This phenomenon can be revealed by incubating the tissue 
in DAB (with 0:1% catalase to remove endogenously generated H,O,), 
before transferring after extensive washing to 3 x 10 °M potassium 
ferricyanide, which readily oxidizes any bound DAB (Graham and 
Karnovsky, 1966; Hall and Sexton, 1972). 

Peroxidase is usually found in the cell wall, associated with the 
secretory apparatus (i.e. Golgi and rough endoplasmic reticulum) and 
with the tonoplast (for reviews, see Griffing and Fowke, 1985; Frederick, 
1987; Spanu and Bonfante-Fasolo, 1988) (Fig. 4.1). Chalmers et al. (1986) 
also found the enzyme located on the outer surface of the plasma 
membrane and Olah and Mueller (1981) in the cytoplasm. It is 
reassuring to find that the peroxidase distribution determined by 
immunocytochemical and DAB procedures is similar (Egley et al., 
1983). 


4.3.17.2. Catalase 


The fixation and incubation conditions used to localize this enzyme 
are designed to maximize the peroxydatic activity of catalase and 
minimize the activity of true peroxidase. 

It has been found in animal systems that fixation with glutaraldehyde 
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increases peroxidatic activity while it inhibits catalatic activity (Herzog 
and Fahimi, 1974; Frederick, 1987). Deactivation of the enzyme is not 
usually a problem with plant material and so fixation is adjusted to 
give good morphological preservation. Tissues have been fixed under 
a wide range of conditions, i.e. 14% glutaraldehyde for 0:5-12h, 
sometimes with the addition of formaldehyde (1:5%). It is, of course, 
essential to wash the fixative from the tissue and the alkaline incubation 
buffer can be used in the final rinses. Protracted washing can lead to 
diffusion of the enzyme (Fahimi, 1973). 

The incubation procedure is based on that described originally by 
Novikoff and Goldfischer (1969) and modified for plant material by 
Frederick and Newcomb (1969) or Vigil (1969). The method has recently 
been the subject of a detailed review (Frederick, 1987). The main 
features are that the pH of the medium is kept at 9-0, or sometimes 
10:0, to maximize peroxidatic catalase (Novikoff and Goldfisher, 1968) 
staining and minimize true peroxidases, which have little activity at 
this pH (Sexton and Hall, 1972). The incubation is carried out with 
freshly prepared, shaken medium, in the dark. The temperature is 
kept high (37-40°C), since staining at room temperature is reduced or 
absent. The DAB concentrations employed range from 0:5 to 2 mg ml~? 
with 0:06% H,O3. Incubation times vary from 30 to 120 min. The 
medium should be replaced every hour to prevent DAB oxide 
accumulation. 

Controls to establish that staining is due to catalase and not 
peroxidase activity are essential. By far the most effective is the use 
of the catalase inhibitor 3-amino-1,2,4-triazole (AT). Kendall et al. 
(1983) have shown that it completely inhibits catalase in barley leaves 
though inhibition in the maize scutellum was only 70% (Longo et al., 
1972). Usually, if the tissue is pre-incubated in 20mm AT and the 
latter is added to the incubation medium, microbody staining is 
completely blocked (Frederick, 1987). It is widely assumed that AT is 
a specific catalase inhibitor but there are isolated instances where it 
has a limited effect on peroxidase too (Frederick, 1987). Perhaps the 
most reassuring control is that catalase-deficient mutants contain 
peroxisomes that do not stain with the DAB procedure while normal 
plant microbodies in the same species do (Tsaftaris et al., 1983; Parker 
and Lea, 1983). 

Many of the problems associated with peroxidase cytochemistry are 
common to catalase too. The failure of DAB to penetrate more than a 
few cells from the block surface and the adsorption of DAB or DAB 
oxide by specific cellular components are examples. Similarly the 
endogenous generation of HO, can give rise to faint background 
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Fig. 4.9. Localization of catalase activity in tobacco leaves. The microbody contains a 
crystalline inclusion which shows a heavy deposit of osmium black, while reaction 
product is also visible in the microbody matrix. No product is seen in the chloroplasts 
or mitochondrion (Xx 45000). Reproduced, with permission, from Frederick and Newcomb 
(1969). 


staining in the no H,O, controls. The appropriate controls and methods 
of dealing with these difficulties are given above (Section 4.4.19). An 
example of catalase staining is shown in Fig. 4.9. 

This DAB method has been used very widely to identify and study 
peroxisomes in many different plant species and cell classes. Frederick 
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(1987) has discussed the findings. In addition the method has been 
employed with date seeds (DeMason, 1985), idioblasts (Kausch and 
Horner, 1985), grass ligules (Chaffey, 1985), orchid microspores (Pais 
and Feijo, 1987), root nodules (Newcomb et al., 1985; Kaneko and 
Newcomb, 1987) and mycorrhizal roots (Barroso et al., 1988). 


4.3.18. Polypheno! Oxidase 


Polyphenol oxidases are a group of copper-containing enzymes that 
oxidize o-diphenols in the presence of molecular oxygen to the 
corresponding quinones. There have been a number of attempts to 
localize the enzyme in plant tissues, where it appears to be located in 
the plastids (Vaughn and Duke, 1984; Vaughn, 1987). 

The usual substrate used is dihydroxyphenylalanine (DOPA) which 
is oxidized to DOPA quinone. The quinone undergoes spontaneous 
ring closure and reaction with water to form indole-5, 6-quinone which 
polymerizes to form a complex brown product of low solubility. This 
substance reacts readily with osmium tetroxide and is easily located 
in the EM. The procedures to localize the enzyme have been reviewed 
by Czaninski and Catesson (1974) and Vaughn (1987). Vaughn and 
Duke (1984) summarized what has been learned from this work. 

One difficulty with the method is that peroxidases are able to oxidize 
polyphenol oxidase substrates, so if hydrogen peroxide is generated 
in the section, false localizations can occur. To overcome this problem 
catalase, formate or pyruvate can be employed to eliminate or suppress 
H2O, formation (Pais and Barroso, 1983). The copper chelator, sodium 
diethyldithiocarbamate, can also be used as an inhibitor control (Olah 
and Mueller, 1981). DOPA undergoes auto-oxidation but this can be 
largely overcome by frequently renewing the substrate solution and 
using cacodylate buffer at pH 7-4 in which DOPA is more stable 
(Eppig, 1974). 


4.3.19. Cytochrome Oxidase 


In 1968 Seligman et al. showed that diaminobenzidine could be used 
to localize cytochrome oxidase in the membranes of mitochondria. It 
was suggested that the DAB substrate donates electrons to cytochrome 
c which is reoxidized by the rest of the cytochrome oxidase system. 
This hypothesis was supported by subsequent biochemical data 
(Anderson et al., 1975; Cammer and Moore, 1973). Some authors also 
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Fig. 4.10. Localization of cytochrome c oxidase activity in yeast cells, showing a strong 
Positive reaction in the mitochondrial membranes. Method as described by Keyhani 
(1972). Micrograph kindly provided by Dr E. Keyhani. 


include in the incubation medium cytochrome c to replace that lost 
during tissue preparation and catalase to destroy endogenously 
generated H2O, which would support peroxidatic activity. 

The method has produced some fine localizations in both plant and 
fungal tissues (Fig. 4.10; Keyhani, 1972). The enzyme appears sensitive 
to fixation and Ekes (1971) incubated unfixed material with some 
success. Mild fixations do not completely deactivate the enzyme 
provided that long wash periods are used to remove excess fixative. 
Chaffey (1985) reported staining of the cristal membranes which was 
completely inhibited when the inhibitors KCN and azide were added 
to the incubation medium. This pattern of staining is similar to that 
reported in maize (Nir and Seligman, 1971). 

There are results which suggest the staining is not entirely consistent 
with cytochrome oxidase activity. Opik (1975) found that mitochondrial 
staining persisted after pretreatment at 60°C which inhibits cytochrome 
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oxidase activity. Similarly Olah and Mueller (1981) found staining of 
mitochondria inhibited by KCN but also inexplicably by pyruvate too. 
They suggested that pyruvate inhibition might indicate peroxidatic 
activity produced as a result of low levels of endogenously generated 
H:O». Catalase may fail to eliminate the activity because it does not 
enter the mitochondria while pyruvate can. Peroxidatic activity might 
be anticipated in mitochondria since cytochrome c and possibly other 
cytochromes and haemoproteins can act as peroxidases (for discussion, 
see Sexton and Hall, 1978; Frederick, 1987). However adding H20, 
often suppresses rather than stimulates mitochondrial staining (Olah 
and Mueller, 1981; Chaffey, 1985). Definitive assurance that mitochon- 
drial staining is exclusively due to cytochrome oxidase is difficult to 
produce and it seems prudent to conclude that there are a number of 
haemoproteins that could be involved in producing the deposit. Hirai 
(1968) has also shown that the auto-oxidation product of DAB will 
bind to cytochromes and precautions must be taken to avoid this (see 
Section 4.3.17.1). 


4.3.20. Glycolate, Urate and Other Flavin Oxidases 


Peroxisomes contain a number of flavin oxidases, such as urate and 
glycolate oxidase. They generate H2O, according to the general equation: 


RH, + O, > R + H,O, 


Burke and Trelease (1975) first localized glycolate oxidase in cucumbers 
using a ferricyanide-based method. Problems with reaction deposit 
diffusion and non-specific deposition limited the usefulness of this 
technique. Briggs et al. (1975) introduced a method where the peroxide 
generated in the reaction was precipitated by cerous ions (CeCl;) as 
an electron-opaque cerium perhydroxide. Thomas and Trelease (1981) 
found this new technique gave a superior, well-defined product when 
used to study plant microbodies. They employed very short fixation 
times (5 min) which surprisingly gave acceptable ultrastructure. Besides 
glycolate and cerium chloride, the incubation medium also contains 
3-amino-1,2,4-triazole to inhibit endogenous catalase and the medium 
is thoroughly aerated with CO,-free air. A very similar protocol was 
employed in the examination of Yucca tissues (Kausch and Horner, 
1985). The staining medium is given in Section 4.4.21 and the technique 
illustrated in Fig. 4.11. 
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Fig. 4.11. Localization of glycolate oxidase activity using a cerium technique in tobacco 
leaf cells. Electron micrograph shows a crystal-containing peroxisome with reaction 
product in the matrix and between the structural units of the crystal, allowing resolution 
of the lattice periodicity (x 110 000). Reproduced, with permission, from Thomas and 
Trelease (1981). 


In the original paper Thomas and Trelease (1981) tried unsuccessfully 
to modify the cerium chloride method using lactate, urate and palmitoyl 
CoA as substrates for other oxidases that generate H O3. Shortly 
afterwards Vaughn et al. (1982) localized urate oxidase in root nodules 
and Kausch and Horner (1985) in Yucca roots. The enzyme seems very 
sensitive to fixation and unfixed tissue was used with postincubation 
fixation. Some difficulty was experienced with penetration of the 
incubation medium reagents into the tissue and staining was limited 
to cells near the cut surface. Barroso et al. (1988) also used the method 
and found it rather unreliable. In contrast, Kaneko and Newcomb 
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Fig. 4.12. Localization of uricase activity using a DAB technique in developing root 
nodules of soybean. Electron micrograph shows a late stage in the development of an 
uninfected cell in the infected region of a root nodule. The matrix of the peroxisomes 
has reacted strongly to the test for uricase. UC, uninfected cell; Pl, plastid; P, peroxisome 
(x 11 000; scale bar, 0:5 um). Reproduced, with permission, from Kaneko and Newcomb 
(1987). 


(1987) obtained most convincing localizations of urate oxidase in root 
nodule cells, the technique proving more sensitive than immunocyto- 
chemistry. Preliminary investigations led these authors to use fixed 
tissue and the competitive inhibitor allopurinol as a control. They also 
obtained spectacular localizations using an indirect method of localizing 
urate oxidase. The tissue was incubated with DAB and urate, the 
rationale being that urate oxidase would produce H2O, which would 
oxidize DAB as a result of endogenous catalase activity. The localizations 
obtained with the DAB and cerium techniques are illustrated in Figs 
4.12 and 4.13. 


4.3.21. Chloroplast Electron Transport 
Several methods have been developed to localize PSI and PSII. 


Diaminobenzidine can act as an electron donor to PSI (Nir and 
Seligman, 1970; Vaughn et al., 1983; Vaughn and Outlaw, 1983). The 
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Fig. 4.13. As in Fig. 4.12 but using a cerium technique. (A) Portion of an uninfected 
cell incubated with CeCl, and urate. Peroxisomes are positively stained for uricase 
(x 13000). (B) Control tissue incubated with CeCl, in the absence of urate. No electron- 
opaque deposits are observed. IC, infected cell (x 22 000; scale bar, 0-5 um). Reproduced, 
with permission, from Kaneko and Newcomb (1987). 


oxidation of DAB in the chloroplast is completely dependent on light 
(Nir and Pease, 1973) and is insensitive to PSII inhibitors (Marty, 
1977). Mutants deficient in PSI activity (Vigil et al., 1972) or etioplasts 
without PSI do not photoxidize DAB (Wrischer, 1978). 

The light-dependent reduction of tetrazoliums is an accepted 
cytochemical procedure for PSII; the osmiophilic thiocarbamy] nitroblue 
tetrazolium TCNBT and DS-NBT are most suitable for electron 
microscopy (Vaughn and Outlaw, 1983). Again, staining is light- 
dependent and is inhibited by DCMU (Vaughn et al., 1983). Apparently 
earlier attempts to localize PSII using ferricyanide as an electron 
acceptor are considered unsatisfactory (Vaughn et al., 1983). 


4.3.22. Acyl Transferases 


These are a group of enzymes that catalyse acy] group transfer through 
coenzyme A: 


Acyl CoA + acceptor — acyl acceptor + CoA-SH 
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The acyl group can be any carbon chain from acetate to long-chain 
fatty acids and the acceptor can be one of a wide range of substances. 

Higgins and Barrnett (1970) introduced a technique to localize one 
of these enzymes, carnitine acetyl transferase. In this case, carnitine 
and acetyl CoA give rise to acetylcarnitine and CoA-SH as products. 
The SH group of the free CoA-SH was then used to reduce potassium 
ferricyanide to ferrocyanide which in turn forms a stable, electron- 
dense precipitate in the presence of cupric, uranyl or manganous ions 
(Higgins, 1974). 

Recently Curry (1987) has modified this basic procedure to examine 
the distribution of hydroxymethylglutary] CoA synthase in orchid 
floral scent glands. This enzyme is a component of the mevalonic acid 
pathway involved in terpenoid biosynthesis. In this case, the acetyl 
group of acetyl CoA is transferred to acetoacetyl CoA releasing free 
CoA-SH. This reduces potassium ferricyanide to ferrocyanide which, 
in turn, reacts with uranyl acetate to precipitate uranyl ferrocyanide. 
The electron-opaque product was found between the inner and outer 
mitochondrial membranes and in the SER. Carnitine acetyl transferase 
was localized by a similar technique. 


4.3.23. Aspartate Aminotransferase 


Aminotransferases or transaminases catalyse the reversible transfer of 
an amino group from an amino acid to a keto acid. Aspartate 
aminotransferase catalyses the reaction: 


L-Aspartate + a-ketoglutarate = oxalacetate + L-glutamate 


The method of localizing the enzyme was originally developed for 
animal tissues by Lee (1973). It depends on the precipitation of 
oxaloacetate by lead ions, forming electron-opaque lead oxalacetate. 
The lead ions are chelated in the incubation medium by aspartate and 
imidazole which, under the alkaline conditions of the medium, 
prevents the precipitation of a-ketoglutarate. The reaction product, 
oxalacetate, will precipitate lead under these conditions. It is essential 
to keep the medium alkaline during both washing and dehydration 
to prevent the solubilization of lead oxalacetate in acid conditions. 
Recently the method has been employed to investigate the localization 
of the enzyme in C4 plants (Paul, 1987). Aldehyde fixatives rapidly 
deactivate the enzyme. However, short exposures to 2% glutaraldehyde 
(5 min) and 3% formaldehyde (30 min) at 4°C in the presence of a- 
ketoglutarate as a substrate protectant (see Section 4.2.1.3) retained 
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activity and adequately fixed the tissue. The details of the method are 
described in detail in Paul’s (1987) paper. It may be difficult to extend 
the procedure to other transaminases since aspartate is not only a 
substrate but interacts with imadazole to chelate the lead. Lee (1973) 
has shown that replacement of aspartate by glutamate or alanine causes 
the lead to precipitate when the pH is near neutrality. 


4.3.24. Malate Synthase 


Malate synthase is found in glyoxysomes and the cytochemical 
procedure to localize it may be used to distinguish glyoxysomes from 
other peroxisomes. This technique was originally developed by Trelease 
et al. (1974) and is based on the acyl transferase procedure described 
above. 

Malate synthase catalyses the Mg?*-dependent condensation reac- 
tion: 


Mg?* 


Acetyl CoA + glyoxylate —~ malate + CoA-SH 


The sulphydryl group of CoA is used to reduce ferricyanide to 
ferrocyanide which, in the presence of cupric ions, forms a cupric 
ferrocyanide precipitate. The method has produced excellent localiza- 
tions (Fig. 4.14), both in the hands of Trelease’s group and others 
(Vaughn, 1985). Details of the procedure, the associated problems and 
results achieved have been recently reviewed (Trelease, 1987) (see 
Section 4.4.25). 


4.3.25. Carbonic Anhydrase 


Ultrastructure methods for localizing this enzyme have been employed 
for animal studies with some success (Sugai and Ito, 1980). The 
rationale for the localization reaction appears to be incompletely 
understood (Rosen, 1974; Sexton and Hall, 1978) but it depends on the 
precipitation of cobalt ions in the alkaline conditions that occur at the 
site of enzymic activity (Cassidy and Lightfoot, 1974). The precipitated 
basic cobalt salt is converted to the sulphide prior to embedding. As 
far as we are aware this method has only been used at the light 
microscope level in plants (Triolo et al., 1974). 
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Fig. 4.14. Localization of malate synthase activity in cucumber cotyledons. Dense 
reaction product is distributed in the matrix of the glyoxysomes (g), but not in the 


plastids (p), mitochondria (m) or lipid bodies (1) (x 36 000). Reproduced, with permission, 
from Trelease et al. (1974). 


160 R. Sexton and J.L. Hall 


4.3.26. Adenylate Cyclase 


Adenylate cyclase is involved in the synthesis of 3',5'-cyclic mono- 
phosphate (cyclic AMP, cAMP) and is therefore an important factor in 
controlling the level of cAMP in animal cells, where it appears to be 
primarily associated with the plasma membrane. In plant cells, the 
presence and role of cAMP and of adenylate cyclase is very uncertain, 
although there have been a number of reports of the occurrence of 
both the cyclic nucleotide and the enzyme (see Brown and Newton, 
1981). 
ATP acts as a substrate for both adenylate cyclase and ATPase: 


ADP + P, 


ATP 
adenylate cyclase 


cAMP + PP, 


Both P, and PP, may be precipitated using lead as the capture reagent 
as previously described for the phosphatases although, with ATP as 
substrate, this procedure cannot fully discriminate between the two 
enzymes. 

However, cytochemical studies on animal cells have used 5'- 
adenylylimidodiphosphate (AMP-PNP) as a substrate which has been 
shown to be specific for adenylate cyclase (Howell and Whitfield, 1972). 
The products of the reaction are cAMP and imidodiphosphate (PNP); 
the latter may be precipitated by lead to form an electron-opaque 
product. AMP-PNP is apparently not hydrolysed by membrane 
ATPases. The precise conditions and specific applications of this 
procedure in various animal systems are detailed by Wagner and 
Bitensky (1974). 

This substrate has been used with plant cells where a clear 
localization of the reaction product in the plasma membrane, nuclear 
membrane and ER was reported (Al-Azzawi and Hall, 1976); the 
reaction medium employed is given in Section 4.4.26. Reaction product 
has also been found associated with the vacuolar membrane (Hilton 
and Nesius, 1978). 
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4.4. STAINING MEDIA 


In these procedures, prefixed material was used together with 
standard postfixation and embedding procedures, unless stated 
otherwise. 


4.4.1. Acid Phosphatase 


A typical medium contains: 10mm sodium B-glycerophosphate (pH 
adjusted before mixing to 5:0 or 5:5 with acetic acid); 50mm acetate 
buffer (pH 5-0 or 5:5); and 3-6mm Pb (NOs3)z. The lead nitrate solution 
is added dropwise with continuous stirring, and the medium is used 
immediately after preparation. Alternatively 025m Tris—maleate buffer 
and 2mm Pb(NO3)2 may be used. A slight precipitate may form which 
is filtered off before use. 


4.4.2. Acid Phosphatase (Cerium-Based Method) 


The method used by Record and Griffing (1988) to localize acid 
phosphatase in soybean protoplasts is as follows. 

Protoplasts were pre-incubated in a medium containing 2mM cerium 
chloride in 01m acetate buffer (pH 5-0) for 1h at 37°C before staining 
in the following medium: Imm sodium £-glycerophosphate; 2mm 
cerium chloride; and 0-1m acetate buffer (pH 5-0). Incubation for 30 min 
at 37°C. 


4.4.3. Acid Phosphatase (Azo Dye Method) 


The medium used by Charvat and Esau (1975) in a study of phloem 
in petioles of Phaseolus vulgaris (after Bowen, 1971) contains: 5 mg of 
naphthol AS-BI phosphate dissolved in 0:25 ml dimethylformamide 
and diluted with 25 ml distilled water. The following then added in 
sequence: 25 ml 0-2M acetate buffer (pH 5-2) and 30 mg p-nitrobenzene 
diazonium-tetrafluoroborate (Kodak). After all dissolved, add 0-1 ml 
10% MnCl, as activator. Sections of 50 pm incubated 1-5-3 h at room 
temperature. 
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4.4.4. Glucose-6-phosphatase 


The medium used by Hall (1977) with slices of beetroot (Beta vulgaris) 
contains: 1mm_ glucose-6-phosphatase; 4mm Pb(NO3).; and 35mm 
acetate buffer (pH 5-7). Sections of 200-300 pm incubated for up to 
60 min at 25°C. 


4.4.5. Thiamine Pyrophosphatase 


The medium used by Dauwalder et al. (1969) with root tips of Zea 
mays contains: 1 ml 10-30mm thiamine pyrophosphate in distilled 
water; 0:4 ml distilled water; 2 ml 0-2m Tris—maleate buffer (pH 7-35); 
0-6 ml 1% Pb(No3)2; and 1 ml 25mm MnCl). Slices (less than 0-5 mm 
thick) incubated at 39°C for 45 min. 


4.4.6. ATPase 


A typical medium contains: 2mm ATP; 2mm Mg(NOs3).; 2 or 
3-6mM Pb(NO3)2; 50mm Tris—maleate buffer (pH 6:5 or 7:0); 50mm KNO; 
may be included to inhibit the tonoplast ATPase. Thin hand-cut 
sections stained for up to 2h at 25-30°C. 


4.4.7. ATPase (Cerium-Based Method) 


Based on the method used by Hulstaert et al. (1983) with rat liver, the 
following method has been used in this laboratory with maize roots. 

Sections were pre-incubated in Imm CeCl; in 50mm Tris—maleate 
buffer (pH 7-0) for 1h at 4°C and then stained for up to 2h at 30°C 
in a medium containing: 2mm ATP; 5mm Mg(NO3)2; Imm CeCl;; and 
50mm Tris—maleate buffer (pH 7-0). 


4.4.8. Nucleoside Phosphatase (IDPase) 


The medium used by Goff (1973) with onion (Allium cepa) root tips 
contains: 1 ml inosine diphosphate (75 or 20mm) in distilled water; 
1ml 25mm MnCl; 06ml 1% Pb(NO;).; 0-4 ml distilled water; and 
2ml Tris-maleate buffer (02 or 0-1M, pH 7-35). Sections of 100 pm 
stained for up to 2h at 37°C. 
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4.4.9. Aryl Sulphatase 


The medium used by Poux (1967) with root tips of Cucumis sativus 
contains: 15-30 mg p-nitrocatechol sulphate; 0-16 ml 24% Pb(NOs3)z; 
and 5 ml Veronal acetate buffer (pH 5-5). A precipitate may form if 
the pH is above 5-7 and is filtered before use. 


4.4.10. Non-specific Esterase 


The medium used by Gahan and McLean (1969) with Vicia faba root 
tips contains: 2 x 1074 m naphthol AS-D acetate and 0-1mM Tris—maleate 
buffer (pH 6-5) or Tris-HCl (pH 7-1). Incubation for periods up to 
60 min at 37°C. Segments then transferred to a postcoupling medium 
containing 10 mg lead phthalocyanin (see Livingston et al., 1969) in 
1ml 0-1m acetate buffer for 10 min at 2°C. Dehydration in water- 
soluble Durcapan (Fluka). 


4.4.11. Lipase 


Pais (1987) detected lipases in germinating moss spores according to 
the following method: 

The spores were fixed in 25% glutaraldehyde in 0-1m cacodylate 
buffer (pH 7-2) at 4°C for 1h. The tissue was then pre-incubated in a 
medium containing 2:5 ml of 0:2m Tris—maleate buffer (pH 7:2), 0:1 mg 
NaF, and 225 ml water. The incubation medium contained: 1 ml of 
5% Tween 80 (or Tween 60); 2:5 ml of Tris-maleate (pH 7-2); 1:0 ml of 
10% aqueous CaCl); and 20:5 ml distilled water. Incubation was carried 
out for 3h at 37°C. The material was then placed in 2% EDTA in 0-1 
cacodylate/HNO; buffer (pH 7:2) for 3 min, washed in the same buffer 
and placed in 0-15% aqueous lead nitrate for 10 min to allow 
substitution of calcium. 


4.4.12. B-Glucuronidase 


The medium used by Bowen (1971) with rat liver and slug digestive 
cells was prepared as follows: A stock solution of the substrate, 
naphthol AS-BI glucosiduronic acid (Sigma), is prepared by dissolving 
13-7 g of the acid in 1 ml of 50mm NaHCO. Dilute to 100 ml with 
100mm acetate buffer (pH 4-5) and store at 0-4°C. Dilute 16 ml of this 
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stock to 50 ml with the acetate buffer and add 30 mg of the coupler 
p-nitrobenzene diazonium-tetrafluoroborate (Kodak). Incubation for 
15-3 h at room temperature. 

Since the enzyme may be inhibited by the coupler, postcoupling is 
often used. The coupler is excluded from the medium and, after 
incubation, the tissue is transferred to a solution containing 30 mg 
coupler in 50 ml 100 mm phosphate buffer (pH 7) for 30 min at room 
temperature. 


4.4.13. Myrosinase 


The medium used by Iversen (1970, 1973) with root tips of Sinapis alba 
is as follows: 0-4 ml 0-1M sinigrin (potassium myronate); 0-3 ml 5mM 
Pb(NOs)2; 0-8 ml 0-1m cacodylate buffer (pH 7:2); and 22:5 mg sucrose 
(15%). The pH is adjusted to 7:2 and small pieces (1-2 mm x 0:5 mm) 
incubated for 30 or 60 min at 32°C. 


4.4.14. Cellulase 


The method used by Nessler and Mahlberg (1981) to investigate the 
localization of cellulase activity in lactifers of Papaver somniferum was 
as follows: 

Stamens placed in Karnovsky’s (1965) fixative for 1 h were extensively 
washed in 0-1m phosphate buffer (pH 7:2) for 12-16 h. They were 
then incubated in 0-:05m citrate buffer (pH 4-8) containing 0:01% 
carboxymethylcellulose for 20 min at room temperature. After transfer 
to Benedict’s solution at 80-100°C for 10 min, they were washed in 
distilled water and postfixed in 1% OsQg,. 


4.4.15. Pectinase 


To localize pectinase, Allen and Nessler (1984) fixed the tissue in 
Karnovsky’s (1965) fixative at 0°C for 2 h and washed in many changes 
of 0:05m phosphate buffer (pH 7-2) over 16h. Incubation was carried 
out in 05% pectin (Sigma P-9135) in 0-1m acetate buffer (pH 5:0) for 
20 min at room temperature. The tissue was then transferred to hot 
Benedict's solution and boiled for 10 min prior to washing, postfixation 
and embedding (Nessler and Allen, 1987). 
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4.4.16. Succinic Dehydrogenase 


The following method is described by Ekes (1981, 1987). Unfixed 
tissues were incubated for 1-20 min in the dark at room temperature 
in 10 ml of medium containing: 3 ml 05m Na-K tartrate in 0-1M Na- 
K phosphate buffer (pH 7:6); 05ml 0:3m CuSQO,; 48 ml Olm Na-K 
phosphate buffer (pH 7-6); 14 ml 1:0mM Na-succinate; and 0-3 ml 0-05m 
K-ferricyanide. Following incubation segments were washed in two 
changes of cold 0-1m phosphate buffer (pH 7-6) for 10 min before 
transferring to 5% glutaraldehyde in the same buffer for 3h. After 
rinsing in phosphate buffer the tissue was postfixed in 2% OsO, 
before embedding. 


4.4.17. Carveol and Alcohol Dehydrogenase 


The following method has been employed by Gershenzon et al. (1989). 
Bisected immature leaves were dipped for 10s in pentane to remove 
cuticular wax and then placed in Teflon-sealed capped tubes containing 
the reaction mixture. This was composed of 20mm sodium cacodylate 
buffer (pH 7:5), 3mm MgCl», 1% (w/v) sucrose, 2% (w/v) polyvinylpyr- 
rolidone, 0:01% Tween 20, 0-6mmM nitroblue tetrazolium, 1mm phenazine 
methosulphate, 0:5mm NADP and 0:5mm (—)carveol (or 0-5mm ethanol). 
Incubation was carried out in the dark at 30°C for 45 min. The leaves 
were rinsed in 20mm sodium cacodylate buffer (pH 7-0) for 20 min 
prior to fixation for 1h in 3% glutaraldehyde in the same buffer. After 
washing in the same cacodylate buffer the leaves were postfixed in 
1% OsO, prior to embedding. 


4.4.18. Peroxidase 


The medium originally devised by Graham and Karnovsky (1966) as 
described by Sexton and Hall (1978) for use with plant material contains: 
10 ml 50mm Tris-HCl buffer (pH 76) 5 mg 3,3’-diaminobenzidine 
tetrahydrochloride. DAB is carcinogenic and so appropriate precautions 
should be taken. It may be necessary to warm the solution to dissolve 
the DAB. 

An aliquot of 0:1 ml 1% H,O;, prepared by diluting 30% (100 vols) 
stock, is added just before use. Incubation of thin slices should be 
performed at room temperature in the dark for a few minutes to one 
hour. Controls to establish that catalase is not involved should be 
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carried out by pre-incubating in 20mm 3-amino-1,2,4-triazole for 
30-60 min and then including the latter in the incubation medium 
and rinses. 


4.4.19. Catalase 


The method most frequently used as described by Frederick (1987) is: 
10 mg 3,3’-diaminobenzidine tetrahydrochloride dissolved in 5 ml 
50mM 2-amino-2-methyl-1,3-propanediol buffer (pH 10-0). Care must 
be taken with DAB since it is a borderline carcinogen (Frederick, 1987). 
Just before use 0-01 ml of 30% HO, (100 vols) is added and the pH 
adjusted to 9-0. It is important to incubate thin slices at 37°C for times 
of 30-60 min. Controls with the catalase inhibitor aminotriazole are 
described under peroxidase. 


4.4.20. Polyphenol Oxidase 


This method employs DOPA as a substrate (Vaughn and Duke, 1981; 
Vaughn, 1987). Small pieces of 25% glutaraldehyde-fixed tissue 
(90 min) are washed and placed in an incubation medium made up 
of: 100mm cacodylate buffer (pH 7-0) in which is dissolved 5 mg/ml 
DL-DOPA (pi-dihydroxyphenylalanine). Initially the tissue is kept in 
this solution for 18 h at 0°C, the temperature being subsequently raised 
to room temperature for 60-90 min. The tissue is repeatedly washed 
until all the DOPA is removed, i.e. when a drop of 1% OsO, added 
to the washings does not turn black. Diethyldithiocarbamate (100 mm) 
is an inhibitor of polyphenol oxidase and should be added to pre- 
incubation washes and, if necessary, to the incubation medium as 
well. 


4.4.21. Glycolate Oxidase 


The following method has been described by Kausch (1987): Cubes 
(0-5 mm) of tissue were used either unfixed or fixed in 4% formaldehyde 
and 1% glutaraldehyde in 50mm potassium phosphate (pH 6-9) for 
5-35 min at 0°C. After three 5-min rinses in the fixative buffer at room 
temperature, the tissue is transferred to 0-1M Tris—maleate (pH 7-5) for 
20 min. The tissue is then pre-incubated for 1h in 0-1Mm Tris-maleate 
(pH 7:5) containing 5mm CeCl;. 7H2O and 50mm 3-amino-1,2,4-triazole. 
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This is necessary to make sure the capture reagent and the inhibitor 
of catalase completely penetrate the samples. The tissue is then 
incubated for approximately 2-11 h at 21°C in the same medium with 
50mm sodium glycolate. To avoid carbonate precipitation the double 
distilled water used for preparing solutions is boiled before use. 
Solutions containing CeCl; are filtered through a 0-45-um filter. During 
incubation the medium is thoroughly aerated with CO.-free air and 
is changed hourly. The tissue is then washed three times for 15 min 
in 0-1mM cacodylate buffer (pH 60) to remove any cerium hydroxide 
precipitate and then for 15 min in the same buffer (pH 7-2). Unfixed 
tissues were fixed for 4h in the fixative mixture detailed above and 
washed. Postfixation in 1% OsO, for 1h preceded TEM processing. 


4.4.22. Uricase or Urate Oxidase 


The method used by Kaneko and Newcomb (1987) is as follows: The 
tissue was fixed in 3% glutaraldehyde in 0-05m potassium phosphate 
buffer (pH 6-8) for 1h at 0°C and subsequently washed for 15 min in 
the fixative buffer. The segments were then pre-incubated for 30 min 
at 0°C in a medium containing 20 mg CeCl, and 42 mg 3-amino-1,2, 
4-triazole in 10 ml of 01m Tris-HCl (pH 9-6). The segments were then 
transferred to the incubation medium consisting of 6 ml 0-1M Tris-HCl 
(pH 96) containing 20 mg CeCl; and 42 mg aminotriazole and 4 ml of 
an aqueous solution of sodium urate (5 mg ml `). The segments were 
incubated for 30 min in this medium at 37°C in a reciprocal incubator 
(60 rpm). To ensure aeration the tissue was just covered. Following 
incubation the tissue was washed in ice cold 0-1mM cacodylate buffer 
(pH 6-0) for 30 min to remove non-specific precipitate followed by 0:1M 
cacodylate (pH 7-2) for 10 min. The tissue was then postfixed in OsO, 
and embedded. 


4.4.23. NADH-ferricyanide Oxido-reductase 


This protocol was used by Morré et al. (1987) to localize the enzyme 
in tissue segments and membrane vesicles from soybean: 

Finely chopped hypocotyl tissue was lightly prefixed in 0-1% 
glutaraldehyde in 0-05m phosphate buffer (pH 7-2) plus 0-2m sucrose. 
The tissue was then washed at 4°C in the same solution without the 
aldehyde for 1-3 h with frequent (10-15 min) changes of solution. The 
incubation medium contained 6mM Na-K tartrate, 3mm CuSO,, 85mm 
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potassium phosphate (pH 7-2), 2% dimethyl sulphoxide, 0-5mm 
potassium ferricyanide, 0-075mmM NADH and 0:2M sucrose. The medium 
was freshly prepared and incubations were for 40-80 min at 24°C. The 
tissue was removed and placed in 2% buffered glutaraldehyde to 
complete fixation. After washing and postfixation in 1% OsO, the 
tissue was embedded for sectioning. 


4.4.24. Photosystems I and II 


The following protocols were used by Vaughn et al. (1983). Cubes 
(1 mm’) of leaf tissue were fixed in the dark in 2% (w/v) paraformal- 
dehyde in 0-1m phosphate buffer (pH 7:2) for 1h at 2°C. After 
subsequent washing (3 x 2 h) in 5% sucrose in 0:1m phosphate buffer 
(pH 7:2), the tissue was pre-incubated in the appropriate medium in 
the dark for 1h to allow uptake of the reagents. The PSI medium 
consisted of 1 mg ml? diaminobenzidine in 0:1mM phosphate buffer 
(pH 7:2) and for PSII 1 mg ml~? thiocarbamyl] nitroblue tetrazolium 
(TCNBT) and 5% dimethylsulphoxide in the same buffer. The tissue 
was incubated in the light (400 pE m~? s™t) for 1h at 22°C. After 
washing (2 X 15 min) in the sucrose wash buffer detailed above, the 
tissue was postfixed in 2% OsO, for 1h, dehydrated and embedded. 


4.4.25. Malate Synthase 


The method used by Trelease et al. (1974) and Trelease (1987) is as 
follows: The tissue is fixed in 4% formaldehyde-1% glutaraldehyde 
in cacodylate buffer (pH 7:0) for 5min to 4h. The tissue is washed 
for at least 30 min and then pre-incubated in the dark in 3mm or 
20mm potassium ferricyanide in low-strength phosphate buffer (pH 
69) for 30min to ensure oxidation of components that reduce 
ferricyanide non-specifically. The tissue is then washed free of reduced 
ferricyanide (three washes of 20mm phosphate buffer, pH 6-9). The 
incubation medium is made by mixing the following reagents in order: 
0:3 ml 65mm potassium phosphate buffer (pH 6-9); 0:2 ml 50mm copper 
sulphate in 500mm Na/K tartrate (pH to 69 with NaOH); 0:25 ml 
double distilled water; 0:03 ml 50mm potassium ferricyanide; 0-1 ml 
50mm MgCl»; 0:02 ml 150mm Na glyoxylate; and 0-1 ml acetyl CoA. 
DMSO (0:05 ml) can be added before MgCl, to facilitate substrate 
penetration, the amount of water being reduced to 0:2 ml. Incubation 
is in sealed containers with minimum head space for 30-90 min at 
25-37°C. 
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4.4.26. Adenylate Cyclase 


The medium used by Al-Azzawi and Hall (1976) with root tips of 
Zea mays contains: 05mm AMP-PNP (Boehringer); 2mm MgSo,; 
4mm Pb(NO3)2; and 80mm Tris-maleate buffer with 8% dextran 
(pH 7-4). Sections of 100 wm incubated 30 or 60 min at 30°C. 
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5.1. INTRODUCTION 


The need for ultrastructural resolution of the macromolecular make-up 
of cells has mandated the development of new methods. For example, 
studies of protein targeting and the assessment of tissue-specific or 
developmentally regulated genes must include the localization of gene 
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products in situ. Cell fractionation methods typically lack the required 
resolution due to frequent contamination between fractions, and morpho- 
logical methods alone are generally incapable of identifying specific 
macromolecules. Electron microscopy, however, used in tandem with 
molecular probe techniques, is an ideal means to illustrate cellular 
composition in the context of the structure of intact cells and tissues. 

The last decade has witnessed the development and popular 
implementation of several such methods for in situ identification of 
cellular components and processes. These include the use of reporter 
genes (Jefferson, 1987), in situ hybridization (Chapter 6) and gold 
labelling techniques. This chapter will focus on a specific gold labelling 
application, immunogold labelling. 

Immunocytochemistry has come of age primarily due to the use of 
gold conjugates as electron-opaque markers for cell constituents (Roth et 
al., 1978). Colloidal gold has several advantages over previously used 
alternatives, including ferritin particles and diaminobenzidine staining 
of peroxidase activity. A major advantage is that colloidal gold particles 
are very electron-opaque and uniform in shape. These qualities make 
the particles distinct from biological structures and highly visible, even 
at low magnification. Moreover, gold particles may be conjugated to a 
wide variety of probe macromolecules, which usually retain their 
bioactivities, making gold labelling an extremely flexible technique. 
Applications include enzyme-gold localization of substrates (Bendayan, 
1985), lectin-gold recognition of specific sugar residues (Chapter 1), and 
immunogold identification of antigens, as described below. 

The principle of immunogold labelling is simple: specific primary 
antibodies are used as affinity probes for antigens exposed at the cut 
surface of a section. Colloidal gold particles, conjugated to secondary 
antibodies or to protein A, attach to the bound primary antibody and 
thus serve as electron-opaque markers of the antigen when the section 
is examined in the electron microscope. Antibodies can be raised against 
a wide variety of molecules, including proteins, carbohydrates and 
glycoproteins. Even small molecules, such as plant hormones, may be 
used for immunization if they are attached to a proper carrier molecule. 

The avalanche of botanical applications of immunogold labelling 
includes examples of each of these types of antigens. These are too 
numerous to discuss comprehensively here, but many applications 
have been reviewed recently elsewhere (Herman, 1988). The objectives 
of this chapter are several fold: to outline the methods that have become 
standard for botanical immunocytochemistry, to review alternative 
approaches and to discuss developing methodologies. Examples of 
each are presented. 
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5.2, PRODUCTION AND SCREENING OF ANTIBODY PROBES 


The strength of the immunogold labelling technique resides in its 
versatility, sensitivity and exquisite specificity. However, the label will 
be only as specific and sensitive as the antibody which is used as the 
probe. Therefore, successful application of immunolabelling techniques 
relies upon careful production and screening of the antibody probes. 
Microscopists wishing to apply immunolabelling techniques must 
understand the basics of antibody production and be able to scrutinize 
the specificity of the antibody in their own experimental system. Both 
monoclonal and polyclonal antibodies have been used successfully for 
immunocytochemistry, and both have their strengths and limitations. 
These characteristics should be kept in mind before selecting a method 
for antibody production. 

Polyclonal antisera to be used for immunocytochemistry are usually 
raised in rabbits against purified antigens (See De Mey and Moeremans, 
1986, for a discussion of procedures for raising polyclonal antibodies). 
A high titre, monospecific polyclonal antiserum is generally the best 
choice for immunogold labelling, because it reacts with a single 
macromolecule in the tissue to be studied, and gives a strong signal. 
However, even when the antigen is highly pure, a polyspecific 
antiserum may result. The immunized animal may react to factors 
other than the antigen, such as an infection or components of its diet. 
A sample of pre-immune serum, taken just before the first immunization 
with the antigen, helps to determine whether the animal is producing 
antibodies against other antigenic determinants within the tissue to 
be studied. 

A second cause of cross-reactivity arises if the immunogen itself 
carries epitopes that occur on other macromolecules in the tissue to 
be studied. Glycoproteins with common oligosaccharide side-chains, 
for example, are particularly problematic. This problem may be solved 
by deglycosylating the protein (Mort and Lamport, 1977; Edge et al., 
1981), or by using affinity chromatography to remove from the 
antiserum those antibodies which recognize the oligosaccharide side- 
chains (Greenwood and Chrispeels, 1985a). However, in the case of 
heavily glycosylated glycoproteins such as extensin, removal of the 
glycan side-chains prior to immunization may render the glycosylated 
protein unrecognizable by antibodies which recognize the peptide 
backbone (Stafstrom and Staehelin, 1988). 

Both types of non-specificity are best detected using immunoblotting 
of total cell proteins (Towbin et al., 1979). Immunoblots carried out 
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before gold labelling will also help to suggest the appropriate dilution 
of the antibody for the latter technique. 

Monoclonal antibodies overcome many of the problems of non- 
specificity associated with polyclonal antibodies, since a monoclonal 
antibody recognizes a single epitope. This attribute allows partially 
purified or unpurified material to be used as the immunogen. 
Antibodies reacting specifically with the component of interest must 
then be selected by screening of the antibody-secreting hybridoma 
cell lines (see Galfre and Milstein, 1981, and Galfre and Butcher, 1986, 
for a discussion of monoclonal antibody production). Production of 
monoclonals is expensive and extremely labour-intensive, a major 
drawback for most investigators. However, once appropriate cell lines 
have been identified, virtually unlimited amounts of antibody may be 
obtained by culturing the cell lines in bulk, or by producing ascites 
fluid. 

The ability of a monoclonal antibody to recognize a single epitope 
is both advantageous and problematic. Although monoclonal antibodies 
usually confer greater specificity than polyclonal antisera, the epitope 
recognized by a given monoclonal may be borne on a number of 
unrelated macromolecules. As with polyclonal antisera, monoclonal 
antibodies must be screened carefully by immunoblotting to determine 
their specificity. Furthermore, because monoclonals recognize a single 
epitope, the antigen is more vulnerable to denaturation or the 
conformational changes that may occur during fixation and embedding. 
In comparison with monoclonals, use of a polyclonal antiserum actually 
amplifies the detection of a component, since the antiserum recognizes 
multiple epitopes on the macromolecule. All these limitations aside, 
monoclonal antibodies have been used for immunogold labelling of 
proteins and carbohydrates in plant tissues with the efficiency 
and effectiveness expected from monoclonals. Several examples are 
discussed below (McCurdy and Pratt, 1986; Goodbody et al., 1989; 
VandenBosch et al., 1989a). 


5.3. THE COLLOIDAL GOLD MARKER 


Monodisperse colloidal gold particles can be made in a range of particle 
sizes, using a variety of methods. Methods for preparation and 
stabilization of colloidal gold have been reviewed elsewhere (De 
Mey, 1986; Hayat, 1989). All methods use controlled reduction of 
tetrachloroauric acid, varying the reducing agent. Gold particle size 
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depends on the rate of reduction of gold. The two most popular 
approaches are the sodium citrate method (Frens, 1973) and the sodium 
citrate/tannic acid method (Slot and Geuze, 1985). The sodium 
citrate method uses trisodium citrate to reduce HAuCl, to produce 
monodisperse gold particles ranging in size from 10 to 150 nm in 
diameter, depending on the concentration of citrate. The sodium 
citrate/tannic acid method produces gold particles between 3 and 
15 nm. Tannic acid reduces gold more quickly than does citrate, so a 
higher proportion of tannic acid results in smaller particles. The 
diameters of colloidal gold particles produced by these methods have 
a very low coefficient of variation, making them ideal markers for 
labelling multiple antigens in a single tissue. 

Colloidal gold particles must be stabilized with macromolecules to 
avoid flocculation when placed in an electrolyte solution. The use of 
colloidal gold as a macromolecular probe is based upon the biological 
activity of the stabilizing molecules, which interact with the gold in 
a non-covalent fashion. Stabilization is usually carried out at a pH 
near to the pl of the protein used. A wide variety of proteins, 
glycoproteins and carbohydrates may be used as stabilizing molecules. 
The most common for immunocytochemistry are protein A and 
secondary antibodies. 

Protein A-gold is widely used for immunolabelling, especially for 
the detection of rabbit antibodies (Roth et al., 1978). Protein A, derived 
from Staphylococcus aureus, binds to the Fc portion of immunoglobulin 
G (IgG), and does not interfere with the antibody’s ability to bind to 
an antigen. Protein A binds with low affinity to IgGs from some 
species, notably goats, rats and mice, and so it is unsuitable for some 
applications. Protein G, derived from cell walls of streptococcal strain 
G, also binds to the Fc region of antibodies. Protein G demonstrates 
high-affinity binding to a broad range of antibodies, including IgGs 
from goat, mouse and rat, and for this reason protein G-gold has been 
introduced as probe for immunolabelling (Bendayan and Garzon, 1988). 

Secondary antibody-gold conjugates are often used as another 
alternative to protein A when monoclonal antibodies are used as the 
primary antibody. The secondary antibody is usually raised in goats 
against antibodies of the species in which the primary antibody was 
raised. In addition to avoiding the problem of low-affinity binding of 
protein A, secondary antibodies are useful as probes in multiple 
labelling experiments where the primary antibodies are raised in 
different species. As a final alternative, streptavidin-gold may be used 
with biotinylated primary antibodies in single or double labelling 
schemes. 
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Although preparation of colloidal gold probes is not difficult, many 
investigators prefer to purchase a commercially available gold conjugate. 
Gold probes are supplied in many sizes, and with a wide variety of 
probe macromolecules. When choosing a vendor, the investigator 
should determine that gold particles occur primarily as singlets, rather 
than in clumps, and are monodisperse (uniform in size). Some sources 
will supply information on aggregation and variation in particle size 
for each batch of gold prepared. 


5.4. POST-EMBEDDING LABELLING TECHNIQUES AND 
APPLICATIONS 


5.4.1. Specimen Preparation 


In the past decade, post-embedding immunogold labelling of sectioned, 
resin-embedded tissues has become the most popular immunocyto- 
chemical technique applied in ultrastructural studies. Specimen prep- 
aration for immunogold labelling requires only a few modifications 
from familiar EM protocols. Indeed, the earliest immunogold studies 
on plant specimens were carried out with specimens fixed in 
glutaraldehyde, postfixed in osmium tetroxide, and embedded in epoxy 
resins. Although in many instances this approach yields satisfactory 
results (Craig and Goodchild, 1984; VandenBosch and Newcomb, 1986), 
substitution of milder fixation conditions and newer resins increases 
the sensitivity of the technique. These alternatives are discussed below. 


5.4.1.1. Fixation 


The ideal fixative for immunocytochemistry would result in excellent 
ultrastructural preservation and maximum retention of antigenicity. 
However, since most antibodies are raised against native, rather than 
fixed antigens, it is difficult to achieve both of these objectives without 
compromise. Unfortunately, no single fixation protocol is optimal 
for all immunocytochemical experiments. The appropriate fixation 
conditions must be determined empirically, usually for each antigen 
and antibody. 

Most fixation protocols begin with an aldehyde fixation step. 
Glutaraldehyde, being a dialdehyde, cross-links proteins better than 
paraformaldehyde, a monoaldehyde. This results in better ultrastructu- 
ral preservation, but can diminish or eliminate antibody recognition 
of proteins. Therefore, paraformaldehyde, at varying concentrations, 
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is often substituted for glutaraldehyde. This substitute is not always 
necessary. Western blots can help to determine the effects of fixatives 
on antigenicity; once proteins have been electroblotted onto nitrocellu- 
lose, the nitrocellulose sheet can be treated with the fixative mixture 
prior to incubation with immune reagents. This method is a fairly 
good predictor of how antigens in tissue will survive fixation. 

Osmium tetroxide postfixation may mask antigenic sites, causing a 
substantial reduction in antibody recognition as determined by the 
density of gold particles bound to the section. This masking effect 
often can be overcome by treatment of sections with sodium metaperi- 
odate, alone or in combination with acid, prior to immunolabelling 
(Bendayan and Zollinger, 1983; Craig and Goodchild, 1984). Note that 
periodate treatment may alter sugars in glycoconjugates, resulting in 
a loss of antigenicity (Brewin et al., 1985), and so this procedure is 
not suitable for all antigens. Moreover, the use of osmium tetroxide 
precludes the use of ultraviolet polymerization of resins developed for 
immunocytochemistry, as discussed below. For these reasons, osmium 
postfixation is often omitted from fixation protocols for immunocyto- 
chemistry. 

Fixation of small molecules requires special means to retain them 
within the tissue during dehydration and embedding. Cross-linking 
of phytohormones has been accomplished in two ways. In an 
immunocytochemical analysis of abscisic acid distribution, Sossountzov 
et al. (1986) prefixed axillary nodes of Chenopodium polyspermum in 
2% aqueous 1-(3-dimethyl-aminopropyl)-3 ethyl carbodiimide (EDC). 
Subsequently, the tissue pieces were fixed in buffered paraformal- 
dehyde and embedded. Inclusion of the EDC fixation step was 
necessary, since abscisic acid was lost from the tissue if EDC was 
omitted (Sotta et al., 1985). This procedure was ineffective for retaining 
cytokinins; instead, oxidation of the tissue with periodate, followed 
by reduction with sodium borohydride was found to couple isopentyla- 
denosine and zeatin riboside to cellular proteins (Sossountzov et al., 
1988). Thus immobilized, the cytokinins were further fixed using 
paraformaldehyde and glutaraldehyde. This technique permitted the 
visualization of the cytokinins in tomato tissue. 


5.4.1.2. Embedding Resins and Procedures 


Epoxy resins, such as Spurr’s or Epon/Araldite, are unsurpassed for 
structural preservation and stability in the electron beam. However, 
the hydrophobic nature of these resins affects antigenic preservation 
adversely, causing a dramatic reduction of labelling. For immunocyto- 
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chemical purposes, epoxy resins have been replaced by a group of 
polar acrylic resins, which are hydrophilic in nature. 

The Lowicryl resins were designed specifically for immunocyto- 
chemical applications. Lowicryl K4M, a mixture of acrylates and 
methacrylates with extremely low viscosity, was introduced to permit 
infiltration and polymerization at low temperature (Roth et al., 1981), 
avoiding the heat polymerization used with epoxy resins. Due to its 
hydrophilic nature, Lowicryl exhibits excellent retention of antigenicity, 
and consequently label density is much greater than with epoxy resins. 

Fixed specimens that are to be embedded in Lowicry] are dehydrated 
in an ethanol series. The first dehydration steps (10 and 30% ethanol) 
are carried out on ice; subsequent steps are carried out at progressively 
lower temperatures as the percentage of ethanol increases. Lowicry] 
K4M is available as a kit containing several components which the 
investigator must mix. A UV-absorbing catalyst, benzoin methyl ether, 
is added to the resin which is then infiltrated into the samples at 
~35°C. After the resin has been allowed to infiltrate into the tissue 
overnight, specimens are placed into embedding moulds. Since 
Lowicry] requires anaerobic polymerization, the moulds should exclude 
air or be flushed with nitrogen gas. Polymerization is effected with 
long-wave (360 nm) UV light. Photopolymerization precludes the use 
of osmium tetroxide, since osmium renders the tissue opaque. 

Low-temperature dehydration and embedding is thought to reduce 
antigen denaturation and to enhance antigenic preservation. However, 
photopolymerization is an exothermic reaction, and an increase in 
specimen temperature well above ambient has been recorded during 
Lowicryl K4M polymerization (Ashford et al., 1986). Ashford and co- 
workers (1986) have suggested several procedural modifications to 
minimize this temperature spike. 

In practice, Lowicryl has several limitations. In published work, 
ultrastructural preservation is frequently inadequate. The resin is 
reportedly difficult to infiltrate into some plant tissues, and it can be 
difficult to section. 

The London Resin LR White has become a popular alternative to 
Lowicry] for immunocytochemical studies of plant tissues. An aromatic 
acrylic resin, it shares Lowicryl’s polarity, high antigen retention and 
low amount of background labelling. The resin is useful for light and 
electron microscopy, is easy to section, and generally infiltrates well 
into plant tissues. 

Embedment with LR White follows dehydration in an ethanol series. 
Although the manufacturer states that LR White will tolerate partial 
dehydration (70% ethanol), for botanical applications it is necessary 
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Table 5.1. Room-temperature fixation and embedding of plant tissue for immunolabelling 
protocols 


Step Reagents/procedure Duration 
1. Fixation 2-4% PFA* and/or 0:2-3% GA** in 1-2h 
buffert 
2. Dehydration Use a graded ethanol series. Dehydrate 10 min per step 


completely and make 
several changes in 100% ethanol 


3. Infiltration Infiltrate LR White resin into tissue, 
using resin diluted in ethanol: 
50% resin 30-60 min 
75% resin 30-60 min 
100% resin 30-60 min 
100% resin Overnight 
100% resin 8h 


Place specimens in fresh resin into 
embedding moulds; moulds should 
exclude air 


4. Polymerization Place specimens in oven 24h at 55-60°C 


* PFA = paraformaldehyde. 

** GA = glutaraldehyde. 

+ As for fixations for conventional EM, the buffer can be phosphate, cacodylate, or a 
Good buffer (Good et al., 1966), with a pH near neutrality. Buffer strength should be 
of an appropriate osmoticum for the tissue of interest. 


to completely dehydrate the specimens. LR White was first used with 
thermal curing (Craig and Miller, 1984). Since heat is used instead of 
light, osmium postfixation may be used, if desired, and the masking 
effect of the osmium may be removed by section pretreatment with 
periodate, as with epoxy resins. Table 5.1 outlines a typical protocol 
for specimen preparation incorporating LR White embedment and 
heat polymerization. 

Polymerization of LR White, like the similar formulation LR Gold, 
can also be photocured. LR Gold, like Lowicryl K4M, was designed 
for low-temperature infiltration into tissues, but LR White can be used 
in this way also. The major difference between the London resins and 
Lowicryl is their higher freezing point. The London resins will remain 
liquid at —20°C. Benzoin methy] ether is used as a catalyst and, again, 
oxygen must be excluded from the resin. A typical protocol for low- 
temperature embedding with LR White is listed in Table 5.2. 
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Table 5.2. Low-temperature embedding of plant tissues for immunocytochemistry 


Step Reagents/procedure Duration 
1. Fixation As in Table 5.1 1-2 h 
2. Dehydration In a graded ethanol series 30 min per step 
30% ethanol 0°C 
50% ethanol -20°C 
70% ethanol -20°C 
90% ethanol —20°C 
100% ethanol —20°C 
100% ethanol —20°C 
3. Infiltration Infiltrate LR White* resin All steps at —20°C 
containing catalyst** into tissue, 
using resin diluted in ethanol: 
50% resin 1h 
75% resin Th 
100% resin Th 
100% resin Overnight 
100% resin 8h 
Place specimens in fresh resin into 
BEEM or gelatin capsules; fill to 
exclude air 
4. Polymerization Polymerize using UV lightt 24h at —20°C, followed 


by 24h at RT 


* LR Gold may be substituted. 
™ Use 05% (w/v) benzoin methy! ether. 
+ The light source should be 20 cm from the capsules. 


5.4.1.3. Section Preparation 


Thin sections, 60-90 nm in thickness are collected onto gold or nickel 
grids. Inert metals must be used for grids, since copper reacts with 
sodium metaperiodate and with some of the buffer components used 
in the immunolabelling protocol. If the specimen has been embedded 
in Lowicryl, LR Gold or LR White, a carbon and formvar or cellulose 
nitrate support film will probably be required. 

Specimens which have been postfixed in osmium tetroxide must be 
pretreated with a freshly prepared sodium metaperiodate solution in 
order to unmask antigenic sites on the surface of the section. Grids 
are immersed in a 0:56mM aqueous NalO, for 15 min. This concentration 
is used in preference to a saturated solution of NalO, to avoid 
precipitation (Doman and Trelease, 1985). 
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Table 5.3. Gold labelling of thin sections for electron microscopic observation 


Step Reagents/procedure Duration 
1. Blocking Place grid with sections into 20-pl drop of 15 min 
blocking buffer*** 
2. Incubation Incubate in drop of primary antibody 1h at RT or 
diluted in blocking buffer overnight at 4°C 
3. Rinse Pass the grids through a series of drops of 


TBS. Remove excess buffer from the grids 
with filter paper 


4. Incubation Incubate grids in 20-pl drop of secondary 1h at RT 
antibody-gold or protein A-gold, diluted 
in blocking buffer 


5. Rinse In TBS, as above, followed by a brief wash 
in water, The grids may be post-stained 
for immediate examination, or allowed to 
dry for later observation. 


6. Staining 2% aqueous uranyl acetate 5 min 
Reynold’s lead citratet 1 min 


* For best results, all solutions should be filtered through a 0-2-~m membrane filter 
before use. 

** Blocking buffer contains 1% (w/v) bovine serum albumin, 0:02% sodium azide, and 
0:05% Tween 20 in Tris-buffered saline (TBS: 10mm Tris-HCl, pH 7-4, plus 150mm 
NaCl). 

t When using small gold particles, it may be desirable to omit lead citrate to reduce 
the contrast of the specimen. 


5.4.2. Electron Microscopic Immunolabelling Procedures and 
Applications 


5.4.2.1. Labelling Protocols 


Sections of grids may be stored before immunolabelling, if desired. Once 
the labelling protocol has commenced, the sections should not be 
allowed to dry out at any time until the procedure has been completed. 

A typical protocol for immunogold labelling is outlined in Table 5.3. 
All immunoreagents are prepared in a saline solution, buffered to pH 
7-4 with either phosphate buffer or Tris (2-amino-2-(hydroxymethyl)- 
1,3-propanediol)-HCl. Sodium azide may be added to the buffers to 
discourage bacterial growth. Before incubation in the primary antibody, 
non-specific antibody binding sites on the sections must be quenched 
by incubating the grids in a blocking buffer. Typical blocking agents 
including bovine serum albumin (1-3%), gelatine (1-5%), normal goat 
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serum (1-5%) and Tween 20 (polyoxyethylene sorbitan monolaurate) 
(0-05-1%) in buffered saline. 

Both the primary antibody and the colloidal gold conjugate are 
diluted in buffered saline containing one or more blocking agents. 
The proper dilution of the primary antibody will help to maximize 
the signal and minimize background labelling. For a given antibody, 
the appropriate concentration must be determined empirically, but 
will resemble that used for other immunoassays, such as immunoblots 
or ELISA assays. 

Between the primary antibody and the colloidal gold conjugate steps, 
the grids must be washed with buffered saline. This washing is 
repeated after incubation with the colloidal gold preparation, followed 
by a brief rinse in distilled water. The labelled sections are then post- 
stained in uranyl acetate and lead citrate before examination with the 
electron microscope. Acrylic resins require shorter staining times than 
do epoxy resins. 


5.4.2.2. Immunocytochemical Controls 


Proper use of controls is critical in determining the specificity of 
immunogold labelling. When using polyclonal antibodies, pre-immune 
serum is the best choice as a control for screening the specificity of 
the immune serum and as a negative control in gold labelling protocols. 
Non-immune serum, obtained from another animal, is not an adequate 
substitute, since the two animals probably would not have been 
challenged with the same factors, nor would they necessarily respond 
to antigens in a similar way. Likewise, omission of the primary 
antibody will identify non-specific binding of the secondary antibody, 
but will not serve as a control for non-specific labelling due to 
polyspecificity of the primary antibody. If no pre-immune serum is 
available, the immune serum may be pre-absorbed with the antigen; 
this should eliminate antibody binding to the antigen in the tissue 
and reveal non-specific labelling. 

An additional negative control would be to perform immunogold 
labelling on tissue known to lack the antigen of interest. This is 
particularly useful when studying tissue-specific antigens or gene 
expression in transgenic plants. In the latter case, immunogold labelling 
of a foreign protein may be compared in a normal plant, which lacks 
the inserted gene, and a transgenic plant. 
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5.4.2.3. Examples of Labelling of Single Antigens 


The transfer and expression of foreign proteins in transgenic plants is 
an exciting area that promises to provide insight into mechanisms of 
protein targeting, among other topics. The use of deletion and site- 
specific mutants expressed in heterologous systems should help to 
identify molecular domains responsible for targeting proteins to specific 
subcellular locations. Immunogold labelling provides a precise and 
sensitive way of localizing wild-type and mutant proteins in heterolog- 
ous systems. To date, post-embedding immunolabelling has been used 
to identify a number of foreign seed proteins in transgenic tobacco, 
including phaseolin (Greenwood and Chrispeels, 1985b), zein (Hoffman 
et al., 1987), and phytohaemagglutinin (Voelker et al., 1989). 

Immunolocalization of the bean seed storage protein phaseolin in 
transgenic tobacco is depicted in Fig.5.1A. Clearly, the protein is 
targeted correctly to protein bodies in the tobacco embryo. In this 
study, tobacco seeds were fixed in an aldehyde mixture and embedded 
in LR White using heat polymerization. Sections were incubated in 
polyclonal antiserum against phaseolin, followed by goat anti-rabbit 
gold, as outlined in Table 5.1. Affinity purification of the antiserum, 
using a phytohaemagglutinin column to remove cross-reactive anti- 
bodies that recognize common carbohydrate side-chains, increased 
labelling specificity (M. Bustos, personal communication). The lack of 
labelling on sections of non-transformed tobacco demonstrates the 
specificity of the reaction, as shown in Fig. 5.1B. 

Localization of cell wall polysaccharides has been accomplished 
using both polyclonal (Moore and Staehelin, 1988) and monoclonal 
antibodies (VandenBosch et al., 1989a). Immunolabelling of pectin in 
the cell wall of a pea root nodule is illustrated in Fig. 5.2. Nodules 
were fixed in glutaraldehyde and embedded in LR White, according 
to the low-temperature protocol outlined in Table 5.2. A monoclonal 
antibody which recognizes polygalacturonic acid was used to localize 
pectin and binding of the primary antibody was revealed with goat 
anti-rat gold (VandenBosch et al., 1989a). Pectin was found in the 
middle lamella and lining intercellular spaces at three-way junctions 
between cells. These results corroborate the localization of pectic 
rhamnogalacturonans in sycamore suspension culture cells (Moore and 
Staehelin, 1988). 
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5.4.2.4, Labelling of Multiple Antigens 


In some instances, it is necessary to illustrate the presence and 
distribution of more than one component within a single specimen. 
Double immunolabelling techniques, made possible by the availability 
of different sized gold probes, obviate tedious experiments carried out 
on adjacent serial sections and give a clear representation of multiple 
antigens on a single section. Several double labelling methods are 
available including: (1) using primary antibodies raised in different 
species, (2) using protein A-gold probes for detecting both primary 
antibodies, and (3) using a biotinylated antibody and streptavidin—gold 
for detecting the second antigen. 

Double labelling is executed most simply by employing primary 
antibodies raised in different species, for example a rabbit polyclonal 
antiserum and a mouse or rat monoclonal antibody. Secondary 
antibodies, conjugated to colloidal gold particles of different sizes, are 
used as the specific probes for the primary antibodies. Generally, both 
secondary antibodies are raised in goats. There are few, if any, shared 
epitopes on rabbit and rat or mouse antibodies, so the secondary 
antibodies show no significant cross-reaction. 

We have used double labelling to investigate the timing of expression 
of two developmentally regulated antigens in Rhizobium leguminosarum, 
the nitrogen-fixing bacterium found in pea root nodules (VandenBosch 
et al., 1989b). A symbiosis-specific form of bacterial lipopolysaccharide 
(LPS), an abundant cell-surface component, and the enzyme nitrogenase 
were both known to be expressed during symbiosis and to be regulated 
by low oxygen conditions. Rat monoclonal antibodies were used to 
detect LPS, and polyclonal antibodies raised in rabbits were used to 
reveal the presence of nitrogenase. Simultaneous labelling of the 
symbiotic form of LPS and nitrogenase showed that both were present 
on the same cells, although the cell surface antigen appeared first. 
Figure 5.3 depicts co-localization of LPS and nitrogenase on mature 
bacteroids. 


Fig. 5.1. Labelling of phaseolin in transgenic tobacco. Thin sections of mature seeds 
were incubated in anti-phaseolin IgG, followed by goat anti-rabbit gold (15 nm) 
(x 32 000; bars = 0:5 um). (A) Phaseolin expression in a transformed tobacco embryo. 
Immunolabelling reveals the bean storage protein in the protein body matrix (M), but 
not the crystalloid (C). OB = oil body. (B) Immunolabelling of a non-transformed 
tobacco embryo. Few gold particles bound to the section (arrows), illustrating the low 
level of non-specific labelling. 
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Fig. 5.2. Immunogold labelling of pectin in the middle lamella (ML) and lining an 
intercellular space (IS) between cells in a pea root nodule. Sections were incubated in 
rat monoclonal antibody against polygalacturonic acid, followed by 15 nm goat anti-rat 
gold. CW = Cell wall (x 33 400; bar = 0-5 um). 


In an elegant use of double labelling, Titus and Becker (1985) resolved 
a long-standing question about microbody biogenesis and composition 
in cucurbit seedlings. Following germination, microbodies perform 
two functions: glyoxysomes participate in oxidation of fatty acids and 
in the glyoxylate cycle, peaking at about 4 days after germination, 
while peroxisomes function in photorespiration, beginning at day 3 
and increasing thereafter. Although these two types of microbodies 
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Fig. 5.3. Double labelling of bacterial lipopolysaccharide (5nm gold particles; see 
arrows) and the enzyme nitrogenase (15mm gold particles) in symbiotic Rhizobium 
bacteroids in a pea root nodule. Thin sections of LR White-embedded material were 
incubated sequentially in the following immunoreagents: Rat monoclonal antibody 
against rhizobia] lipopolysaccharide, goat anti-rat gold, rabbit polyclonal antiserum 
against nitrogenase, and goat anti-rat gold. PBM = peribacteroid membrane (Xx 50 000; 
bar = 0-5 pm). 
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are biochemically distinct, they cannot be distinguished on the basis 
of ultrastructure. Subcellular fractionation had failed to discern whether 
there were two distinct populations of organelles, or whether glyoxy- 
somes became peroxisomes during development. The authors used 
double labelling of isocitrate lyase (a glyoxysomal marker) and 
serine:glyoxylate aminotransferase (a peroxisomal marker) to demon- 
strate the presence of both enzymes in transitional microbodies. 
Therefore, the dual population hypothesis was discredited and a 
controversy was resolved that had been unsolvable by biochemical 
means. 

In the above example, the authors used protein A-gold to label 
both antigens. Following application of the first antiserum, the 
sections were incubated in 10 nm protein A-gold. Grids were treated 
with excess free protein A before being transferred to the second 
antiserum. Finally, grids were incubated in 20 nm protein A-gold 
to reveal the binding sites of the second antiserum. It is possible 
that the second antibodies may bind via their F. regions to protein 
A already bound to the section. However, these non-specifically 
bound antibodies will not be detected by the second application of 
protein A-gold, since each antibody molecule has only one protein 
A-binding region. In this way, specific labelling of two antigens can 
be carried out, even though the antibodies were both raised in 
rabbits. 

A second means of executing double labelling using antibodies 
raised in the same species is accomplished by biotinylating one of the 
antibodies. This was the approach taken by Bradley et al. (1986) in 
their study of bacterial and plant membranes isolated from legume 
root nodules. Rat monoclonal antibodies against rhizobial lipopolysac- 
charide (MAC 57) and plant glycoproteins (MAC 64) were used to 
show adhesion between these two surfaces. Binding of MAC 64 to the 
plant-derived peribacteroid membrane was detected with goat anti- 
rat gold. The second monoclonal antibody, MAC 57, was biotinylated. 
Binding of the biotinylated antibody to the bacterial outer membrane 
was revealed with streptavidin-gold. It was necessary to carry out the 
antibody incubations in this sequence to avoid binding of the goat 
anti-rat gold to both primary antibodies. Specimen preparation for 
this experiment is discussed in Section 5.5 and an example of the 
results may be seen in Fig. 5.10. 
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5.4.3. Light Microscopic Visualization of Antigens in Tissue by 
Silver Enhancement of Immunogold Labelling 


Light microscopic visualization of gold labelling is also desirable for the 
determination of tissue-wide distribution of antigens. However, in most 
cases, the antigen of interest is not sufficiently concentrated for the gold 
particles to be seen in the light microscope without further amplification. 

The silver enhancement technique allows gold labelling to be applied 
to semi-thin sections of embedded plant material (VandenBosch, 
1986). This approach was modified from techniques for the electron 
microscopic detection of heavy metals, in which gold particles nucleate 
the deposition of metallic silver (Holgate et al., 1983; Danscher and 
Norgaard, 1983). In principle, gold-labelled specimens are incubated 
in a silver developer, containing a silver salt and a reducing agent. 
Metallic silver precipitates onto the gold particles, covering the 
antigenic site with a dense opaque deposit of silver visible in the light 
microscope. Table 5.4 outlines these techniques. 

Silver enhancement of gold labelling has several advantages over 
alternatives for immunohistochemistry. It is more sensitive than 
immunoperoxidase staining and more permanent than immunofluo- 
rescence. A fluorescence microscope is not required, and autofluoresc- 
ence, common in many plant tissues, is circumvented. Lastly, silver 
enhancement of immunogold labelling may be carried out on tissue 
fixed and embedded as for electron microscopy, affording correlative 
localization studies using light and electron microscopy. 

The original silver development procedure (Holgate et al., 1983; 
Danscher and Norgaard, 1983), which uses silver lactate and hydro- 
quinone in a citrate buffer, has several drawbacks owing to the non- 
specific precipitation of silver. The developer is light-sensitive, so the 
procedure must be carried out in darkness or under a photographic 
safelight. Silver will also precipitate in the presence of contaminating 
ions, such as chloride from the antibody buffer or metal contaminants 
in the water. Lastly, the developer has a very short life, so that 
spontaneous silver precipitation begins within 15-20 min. These factors 
can lead to a high background if proper precautions are not taken. 

Janssen Life Science Products now market an alternative developer, 
sold under the name IntenSE LM, that avoids these problems. The 
developer has a longer life, is relatively insensitive to water quality 
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Table 5.4. Gold labelling and silver enhancement of semi-thin sections* 


Step Reagents/procedure Duration 


1. Fixation, dehydration As described in Tables 5.1 and 5.2 
and embedding 
2. Sectioning Cut semi-thin sections (0-5-1-0 um), and 
mount onto glass slides coated with 1% 
gelatin 


3. Blocking Apply drop of blocking buffer** and 15 min 
incubate in a covered dish to prevent 
drying 

4. Incubation Remove blocking buffer and cover sections 1h 
with a drop of primary antibody, diluted in 
blocking buffer 


6. Rinse Rinse slide thoroughly with filtered TBS 
from a wash bottle. Dry the area around the 
sections 

7. Incubation Apply secondary antibody-gold or protein Th 


A-gold,t diluted in blocking buffer (e.g. 
Janssen Auroprobes for light microscopy 
require a 1:10 to 1:40 dilution) 


8. Rinse As described above, followed by a rinse in 
distilled water, and a rinse in citrate 
buffertt 
9. Enhancement Immerse sections in silver developer§ in the 5-10 min 
dark or under a photographic safelight 
10. Fix Fix slides in photographic fixative 3 min 
11. Wash Wash slides under running tap water; then 10min 


rinse in distilled water and air dry 


12. Observation Examine sections using bright field optics. 
Steps 9-11 may be repeated if more 
enhancement is required§§ 


* All procedures are carried out at room temperature. Do not allow sections to dry 
during immunolabelling. 

™ All buffers as in Table 5.3. 

t Gold particles should be 5 nm or smaller for this application. 

tt Citrate buffer = 20mM citrate buffer, pH 3-85. 

§ Silver developer = 77mM hydroquinone and 55mm silver lactate in citrate buffer. 
Prepare immediately before use. 

§§ After silver enhancement, sections may be counterstained with conventional stains 
for light microscopy. 
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Fig. 5.4. Immunogold/silver staining of phaseolin on a semi-thin section of a tobacco 
seed. The specimen illustrated is the same one used for Fig. 5.1A. Following immunogold 
labelling, the signal was amplified using silver enhancement, and the section was 
counterstained with azur II/methylene blue (x 175; bar = 100 um). The area within the 
box is illustrated at higher magnification in Fig. 5.5. 


and can be used in the light. This last feature conveniently allows the 
investigator to monitor silver enhancement under a light microscope. 
The signal obtained using IntenSE LM is more brown than the 
opaque black obtained with the silver lactate/hydroquinone developer. 
However, these advances make the silver enhancement technique 
quite easy to apply. 

Figures 5.4 and 5.5 illustrate the light microscopic visualization of 
phaseolin using the silver enhancement technique. Semi-thin sections 
were taken from the same transgenic tobacco embryo illustrated in 
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Fig. 5.5. Light microscopic visualization of phaseolin expression in tobacco endosperm 
(End), cotyledon (Cot), and embryonic axis (Emb), using immunogold labelling and 
silver enhancement. Note that the silver is concentrated over protein body matrices 
(arrows) rather than protein crystalloids, which appear grey (x 810; bar = 30 pm). 
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Fig. 5.1, and then immunogold labelled. Silver enhancement of labelled 
sections was carried out using IntenSE silver developer according to 
the manufacturer’s instructions. The sections were then counterstained 
with azur II/methylene blue in order to give contrast to the unlabelled 
portions of the tissue. A low-magnification view of the labelled section 
shows the organization of the tissues in the seed (Fig. 5.4). At higher 
magnification, silver enhancement reveals the presence of phaseolin 
in both the embryo and the endosperm (Fig. 5.5). 


5.5. ALTERNATIVES TO POST-EMBEDDING LABELLING OF 
RESIN SECTIONS 


In post-embedding labelling of thin sections, the probe molecule has 
access only to sites exposed at the surface of the section (Bendayan et 
al., 1987). Several methods which avoid resin embedding prior to labelling 
have been applied in botanical localization studies. Collectively, these 
methods take advantage of increased access of the antibody to the 
antigen in the absence of resin. These methods are detailed below. 


5.5.1. Pre-embedding Labelling 


The earliest applications of immunocytochemistry were carried out on 
tissues prior to their embedment. For intracellular antigens, the obvious 
problem was that antibodies and the electron-opaque marker, usually 
ferritin, were too large to gain access to antigenic sites within the cell. 
In order to allow penetration of the antibody probes, tissues often were 
fixed only mildly and subjected to permeablization with detergents. 
Predictably, the effects on ultrastructure were deleterious. 

Since the development of the more effective post-embedding labelling 
techniques, pre-embedding labelling is rarely used. An exception 
where pre-embedding labelling would be preferable would be in the 
identification of cell surface components. Pre-embedding labelling 
gives an amplification of the signal, since access to the antigen is not 
obstructed by resin. 

Pain et al. (1988) used pre-embedding labelling to identify putative 
receptors for the small subunit of ribulose biphosphate carboxylase 
(SSU) on the outer membrane of isolated chloroplasts. Figure 5.6 
depicts their results. Immobilized isolated chloroplasts were first fixed 
in a low concentration of fixative (0:05% glutaraldehyde and 0-25% 
paraformaldehyde) in an isotonic buffer. After blocking, the chloroplasts 
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Fig. 5.6. Localization of the putative receptor for the small subunit of ribulose 
bisphosphate carboxylase on the chloroplast outer envelope. Isolated chloroplasts were 
incubated in anti-idiotypic antibodies and goat anti-rabbit gold (5 nm). (A) x 75 000; 
bar = 0:5 pm. (B) Inset shows enlargement of boxed area in A. Note that the probe 
appears to label an area of contact between the inner and outer chloroplast membranes 
(x 200 000; bar = 0:1 pm). (From Pain et al., 1988; reproduced with permission from 
Nature © Macmillan Magazines Ltd.) 


were incubated in a polyclonal antibody preparation and antibody 
binding was revealed with 10 nm colloidal gold conjugated to goat 
anti-rabbit IgG. Labelled chloroplasts were then fixed in Karnovski’s 
fixative, followed by osmication, staining with uranyl acetate, dehy- 
dration and embedding in Epon. The chloroplasts were prepared for 
observation by thin sectioning. The label was seen to bind in dense 
patches to the chloroplast outer membrane at sites of contact between 
the inner and outer membranes. The authors suggest that this labelling 
pattern signifies the location of the chloroplast import receptors at 
membrane contact zones. 

The means by which Pain et al. (1988) obtained antibodies against 
the small subunit receptor is noteworthy. An anti-idiotypic antibody 
approach was used to identify a receptor protein where none was 
known previously. In this approach, antibodies are first raised against 
a ligand. Some of these antibodies will recognize the receptor-binding 
site of the ligand, and consequently may resemble the receptor. A 
second animal is then immunized with the anti-ligand antibodies; the 
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antibodies produced will recognize the variable portion of the antibody, 
especially the area in or near the antigen-binding site, referred to as 
the idiotype. Anti-idiotypic antibodies raised against the receptor-like 
idiotype, therefore, may mimic the conformation of the ligand and 
recognize its receptor. 

Pain et al. (1988) immunized rabbits with polyclonal antibodies 
against SSU. The resulting polyclonal antiserum, which included anti- 
idiotypic antibodies, was used to immunolabel the chloroplast surface 
and to identify a 30 kD protein in the chloroplast envelope. Identifi- 
cation of the 30 kD protein as the receptor remains controversial, in 
part because the specificity of the antibody is questioned (Joyard and 
Douce, 1988); Western blot analysis reveals that the anti-idiotypic 
antibodies bind to the large subunit of RuBPCase, a stromal protein, 
and to several minor envelope proteins in addition to the 30 kD protein 
(Pain et al., 1988). However, because Fa» fragments of anti-idiotypic 
IgGs block import of the small subunit of RuBPCase, it seems likely 
that one of the identified proteins is the receptor. 


5.5.2. Cryosectioning 


In principle, a removable embedding medium would allow the 
same advantages as pre-embedding labelling: greater penetration of 
antibodies and colloidal gold, resulting in amplification of the signal. 
In practice, this may be achieved by using ice as the embedding 
medium, and sectioning the block at a low temperature, a technique 
known as cryo-ultramicrotomy. Tokuyasu (1986) has reviewed the 
application of frozen thin-sectioning to immunocytochemistry. His 
review details carefully the steps involved from specimen fixation to 
the observation of the labelled sections. 

In preparation for cryo-ultramicrotomy for immunocytochemistry, 
specimen blocks are first fixed in aldehyde, and then infused with a 
sucrose solution at a concentration of about 1-6-2:3m. The purpose of 
the sucrose is two-fold: it functions as a cryoprotectant, minimizing 
damage from freezing, and it serves to plasticize the ice, facilitating 
smooth sectioning. Specimen blocks are then plunged into liquid 
nitrogen at —196°C and mounted in a cryo-ultramicrotome, which has 
been cooled to the sectioning temperature, between —80 and —120°C. 
For the best results for each tissue, the sucrose concentration and 
sectioning temperatures must be determined empirically. 

Frozen thin sections are collected onto grids and allowed to thaw 
before immunolabelling. Labelling of sections, from which the sucrose 
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has been rinsed, is carried out in a way similar to resin-embedded 
sections. Labelled sections may be postfixed, and are then stained and 
infiltrated on the grid in methyl] cellulose, ethyl cellulose, or polyethyl- 
ene glycol, and then air-dried. In a modification of this technique by 
Keller ef al. (1984), labelled sections are dehydrated in ethanol and 
embedded in LR White resin in a thin layer on the grid. The net result 
of this modification is ultrastructure which resembles the quality of 
conventional resin-embedded sections. 

Applications of cryo-ultramicrotomy to botanical immunocytochem- 
ical problems have been few, probably due to the cost of the 
instrumentation and the difficulty of sectioning plant tissues with this 
technique. Greenwood and co-workers (1984, 1985b) have localized the 
storage protein phaseolin and the lectin phytohaemagglutinin on thin 
cryosections of bean cotyledons and embryonic axes. Their methods 
are outlined in Table 5.5. This approach allowed ample retention of 
antigenicity, and excellent ultrastructural preservation, particularly of 
membranes. The proteins were detected not only in protein storage 
bodies, their final destination in the developing seed, but also in 
transit through the endoplasmic reticulum and Golgi bodies (see 
Fig. 5.7). 

A variation on cryo-ultramicrotomy was used by McCurdy and Pratt 
(1986) to localize phytochrome in dark-grown and irradiated oat 
coleoptiles. The authors cut thick cryosections (5-6 um in thickness) 
of tissue that had been fixed in formaldehyde and infiltrated with 
sucrose. Sections on glass slides were immunolabelled with monoclonal 
antibodies against phytochrome, followed by goat anti-mouse gold. 
The labelled sections were postfixed with osmium tetroxide, dehydrated 
and embedded in Spurr’s resin and thin sectioned. 

The immunocytochemical analysis of phytochrome by McCurdy and 
Pratt (1986) not only defined the distribution of this important protein, 
it resulted in the description of a new subcellular structure. Previous 
work had demonstrated that the Pr form of phytochrome in dark- 
grown tissue existed as a soluble protein in the cytoplasm, while 
photoconversion of phytochrome to the Pfr form resulted in its 
sequestration in unidentified subcellular compartments. Immunogold 
labelling revealed that the sequestered phytochrome as Pfr was not 
associated with any cellular membranes, but was located in amorphous, 
globular aggregations that the authors termed phytochrome-associated 
structures (PASs). An illustration of labelled PASs may be seen in 
Fig. 5.8. 

The results obtained by immunolabelling of phytochrome in thick 
cryosections differed from post-embedding immunolabelling. Labelling 
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Table 5.5. Preparation and immunolabelling of thin cryosections (as in Greenwood et al., 
1984) 


Step Reagents/procedures Duration 


1. Fixation 4% PFA, 075% A, 0:75% GA, 0-5m sucrose 6h at 22°C 
in 25mm K-phosphate, pH 7:2 


2. Infusion 2% PFA, 1:75m sucrose in 25mm 2 days at 4°C 
K-phosphate, pH 7:2 
3. Freezing In liquid freon (CCI,F,); then in liquid 30 s 
nitrogen 
4. Sectioning Sections, about 100 nm thick, are cut at 
—90°C 
5. Labelling (a) Wash 6X in PBS/glycine 1 min per wash 
(b) Block in blocking buffer 10 min 
(c) Incubate in primary antibody or pre- 10 min 
immune IgG diluted in blocking buffer 
(d) Wash 7x in PBS/glycine 1 min per wash 
(e) Incubate in secondary antibody-gold 30 min 
diluted in blocking buffer 
(f) Wash 4x in PBS 1 min per wash 
(g) Wash 2x in water 1 min per wash 
(h) Wash 4x in 50mm 1 min per wash 
Na-cacodylate, pH 7-2 
6. Embedding (a) Post-fix in 2% OsO, in 50mm Na- 10 min 
cacodylate 
(b) Wash 3x in 7% sucrose 2 min per wash 
(c) Stain in uranyl acetate 
(d) Wash 3x in 7% sucrose 2 min per wash 
Dehydrate in ethanol 
50% 2 min 
70% 2 min 
95% 2 min 
100% 2 min 
100% 2 min 


(f) Infiltrate in 50% LR White in ethanol 10 min 
(g) Infiltrate in 100% LR White and remove 10 min 
excess resin by blotting 
(h) Polymerize in vacuum oven 1h to overnight at 60°C 


PBS = Phosphate buffered saline (150mm NaCl in 10mm potassium phosphate, pH 7-4); 
PBS/glycine = PBS + 10mm glycine; blocking buffer = PBS + 2% (w/v) gelatine; uranyl 
acetate = 2% (w/v) uranyl acetate in veronal acetate (pH 6:2); A = acrolein; PFA = 
paraformaldehyde; GA = glutaraldehyde. 


Fig. 5.7. Immunogold labelling of phytohaemagglutinin on ultrathin cryosections of 
bean cotyledons. Following immunolabelling, sections were postfixed, dehydrated and 
embedded. (A) Colloidal gold particles, indicating the location of PHA, are found over 
the protein bodies (PB) and in association with the rough endoplasmic reticulum (ER) 
(x 58000; bar = 0:5 um). (B) Control section, treated with pre-immune IgG, prior to 
gold labelling, lacks bound gold particles. Note that cellular membranes are well 
preserved by this technique. G ~ Golgi body; M = mitochondrion (x 49000; bar = 
0:5 wm). (From Greenwood and Chrispeels, 1985a with permission.) 
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Fig. 5.8. Immunogold labelling of phytochrome as Pfr in Avena coleoptile tissue. (A) 
Pre-embedding labelling of thick (5-6 um) cryosections. Labelled sections were postfixed, 
dehydrated, embedded and then thin-sectioned for EM observation. Note that the 
phytochrome-specific immunolabel (20 nm colloidal gold) is located mostly at the edges 
of the phytochrome-associated structure (PAS) (x 22000; bar = 05m). (B) Post- 
embedding labelling of phytochrome on thin sections. Note that the 5 nm gold particles 
are superimposed on the profile of the PAS (x 51 800; bar = 0:5 wm). (From McCurdy 
and Pratt, 1986 by copyright permission from the Journal of Cell Biology.) 


210 K.A. VandenBosch 


of cryosections revealed phytochrome only on the surface of the PAS, 
while post-embedding immunolabelling detected phytochrome over 
the profile of the PAS. This comparison may be seen in Fig. 5.8. This 
suggests that, in the labelling of the cryosections, the PAS itself 
restricted the access of antibodies and colloidal gold from the 
interior of the structure. Presumably, a membrane would also restrict 
penetration of a probe into an organelle thinner than the thickness of 
the section. Therefore, the technique of labelling thick cryosections 
prior to embedding and thin sectioning would not be suitable for the 
detection of antigens found within Golgi or endoplasmic reticulum 
cisternae. 


5.5.3. Labelling of Unembedded Preparations 


When the antigen of interest is found adjacent to the cytoplasmic face 
of the plasma membrane, cells may be prepared for immunocytochemis- 
try by a simple method of cleaving, followed by immunogold labelling 
and negative staining. This method, outlined in Table 5.6, has been 
used for labelling cortical cytoskeletal components (Traas and Kengen, 
1986; Goodbody et al., 1989). 

The study by Goodbody et al. (1989) demonstrates the difficulty 
of labelling certain cytoskeletal elements in plant cells. In this work, 
the distribution of an intermediate filament antigen in carrot 
protoplasts was investigated using two monoclonal antibodies 
and fluorescent and colloidal gold probes. The two monoclonals 
recognized different epitopes on the antigen. The antigen was found 
to exist in two forms: in paracrystalline fibrillar bundles and in a 
non-bundled form. However,’ only one of the two antibodies was 
able to distinguish the intermediate filament antigen in the fibrillar 
form, and only after dehydration. The non-bundled form of the 
antigen was readily detected by both antibodies after aldehyde 
fixation, and was seen to associate in patches with microtubules 
(Fig. 5.9). These results argue that presentation of an epitope 
is affected by both conformation of the antigen and specimen 
preparation. 

Isolated membranes, prepared by cell fractionation methods, are 
also suitable specimens for immunolabelling. This technique, applied 
by Bradley et al. (1986), uses neither fixation nor embedding prior 
to immunolabelling, so the antigens should remain in their native 
condition. Bradley ef al. (1986) isolated peribacteroid membrane- 
enclosed Rhizobium bacteroids from pea nodules and released the 
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Table 5.6. Immunolabelling of cleaved cells (as in Goodbody et al., 1989) 


Reagents/procedure Duration 


Step 


1. Attachment of cells to Allow protoplasts to settle onto 


grids polylysine/carbon/pyroxlin-coated 
grids 
2. Fixation Fix protoplast on grids in 4% PFA 20 min at RT 


or 0:2% GA in 
MTSB/mannitol/DMSO; wash in 
MTSB 


3. Extraction Extract protoplasts on grids in 1% 10 min 
Triton X~100 in 
MTSB/mannitol/DMSO; wash in 
MTSB 

4. Cleaving Invert grids onto polylysine-coated 
slide under water; withdraw grid 
to cleave cells 

5. Labelling (a) Block in blocking buffer 20 min 
(b) Incubate in primary antibody 1h 

diluted in blocking buffer 


(c) Wash 3x in MTSB 2 min per wash 
(d) Incubate in secondary Th 
antibody diluted in blocking 
buffer 
Wash 3x in water 2 min per wash 
6. Staining 2% (w/v) uranyl acetate 15s 


MTSB = microtubule stabilizing buffer (100mm PIPES, pH 6-9, 5mm EGTA, 5mm MgSO,); 
MTSB/mannitol = 03m mannitol and 5% (v/v) dimethylsulphoxide in MTSB. 


peribacteroid fraction by osmotic shock. The bacteroids were pelleted 
by a brief centrifugation, and the supernatant, containing plant- 
derived peribacteroid membrane and the bacterial outer envelope, 
was applied to parlodion and carbon-coated grids. After rinsing in 
water, the grids were placed in blocking solution, and then 
immunolabelled for bacterial and plant antigens. Following double 
labelling, the specimens on grids were negatively stained with 2% 
methylamine tungstate. An example of their results is depicted in 
Fig. 5.10. The double labelling technique enabled plant and bacterial 
membrane to be distinguished, and the specimen preparation 
scheme revealed a clear physical association between the membranes 
of the two organisms. 
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Fig. 5.9. Immunogold labelling of cytoskeletal antigens in the cortex of carrot cell 
protoplasts, prepared by the wet-cleaving method. (A) An antibody against carrot 
intermediate filaments detects the antigen primarily in patches associated with 
microtubules. Arrow indicates 15 nm colloidal gold (x 24700; bar = 05 pum). (B) 
Microtubules labelled with anti-tubulin and 10 nm gold (x 37 400; bar = 0-5 um). (From 
Goodbody et al., 1989 by permission of the Company of Biologists Ltd.) 


5. Immunogold Labelling 213 


Fig. 5.10. Demonstration of adhesion between plant (P) and bacterial (B) membranes 
isolated form Rhizobium-infected cells of pea root nodules. The isolated membranes were 
incubated first with a monoclonal antibody against plant glycoproteins, followed 
by 10nm goat anti-rat gold, then with a biotinylated antibody against bacterial 
lipopolysaccharide, followed by 15 nm streptavidin-gold. The preparation was negatively 
stained with methylamine tungstate before observation. (From Bradley et al., 1986 by 
permission of the Company of Biologists Ltd.) 


5.6. SPECIAL CHALLENGES AND FUTURE PROSPECTS 


Despite the advances in tissue preparation methods in recent years, 
the preservation of antigenicity remains a problem. This is especially 
true when antigens are present in low concentrations or are particularly 
sensitive to aldehyde fixation. Methods for performing in situ hybridiz- 
ation using gold probes as markers (Binder et al., 1986) now enable 
the detection of a protein and its message on the same section, but 
messages in low copy number may be difficult to detect. Enhancing 
macromolecular preservation will remain the greatest challenge in the 
future of immunocytochemistry. 
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Some antigens have been especially intractable. The ultrastructure 
and antigenicity of certain cytoskeletal elements, notably actin microfil- 
aments, have been difficult to preserve using chemical fixation. 
Although actin microfilaments have been visualized in many plant 
tissues using rhodamine phalloidin as a fluorescent probe (Lloyd, 
1987), actin has only recently been identified at the ultrastructural level 
in plant tissue. Lancelle and Hepler (1989) circumvented the problems 
associated with chemical fixation by using rapid-freeze fixation and 
freeze substitution in lieu of conventional fixation, dehydration 
and embedding. Microfilaments, which exhibited good structural 
preservation in both cryofixed Nicotiana pollen tubes and Drosera 
tentacles, were shown to be composed of actin, using immunogold 
labelling. These authors have demonstrated effectively that one 
method can yield superlative preservation of both antigenicity and 
ultrastructure. 

Until recently, rapid freeze fixation could only be applied effectively 
to filamentous or thin layers of tissue, since adequate rates of freezing 
can be maintained only in a layer about 20 um deep (see Chapter 7). 
This problem may be avoided with hyperbaric freezing, which enables 
relatively large tissue pieces to be frozen with few or no artifacts 
(Craig and Staehelin, 1988; Lancelle and Hepler, 1989). Hyperbaric 
freezing therefore offers promise for general application and for 
improved fixation with the compromise of neither ultrastructural nor 
antigenic preservation. 

Further retention of antigenicity can be gained by improvements in 
tissue handling after rapid-freeze fixation. Instead of freeze-substitution 
followed by room temperature embedding, tissue may be dehydrated 
and embedded in an acrylic resin at low temperature. In the absence 
of any chemical fixation, polyvinyl pyrollidone (M, = 44000) may be 
used to protect the specimens from osmotic changes (Bendayan et al., 
1987). Alternatively, tissue may be freeze-dried and embedded at low 
temperature (Chiovetti ef al., 1987). This approach has the further 
advantage that soluble components are not lost from the tissue at low 
temperature. 

In summary, each year sees more applications of immunogold 
labelling to problems in plant biology. Along with other means for in 
situ detection of macromolecules, immunocytochemistry is refining our 
understanding of cellular ultrastructure, composition and development. 
The increasing demand for the technique will ensure that immunogold 
labelling will endure and that new solutions to problems will continue 
to emerge, widening the methods already available to investigators. 
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6.1. INTRODUCTION 


Just as immunocytochemistry revolutionized electron microscopy in 
the 1970s and 1980s, in situ hybridization is set to start a new revolution 
in the 1990s. Antibodies gave cytochemists an exquisitely sensitive 
probe for localizing proteins in cells. Recombinant DNA technology 
now offers the cytochemist a means of localizing the genes and 
transcripts that code for these proteins (Fig. 6.1). In situ hybridization 
is based on the phenomenon of Watson/Crick base pairing (commonly 
referred to as hybridization) between two complementary nucleic 
acids. A labelled polynucleotide of known base sequence (the probe) 
is hybridized to complementary polynucleotides in the tissue (the 
target). Sites where the probe has hybridized to the target are visualized 
using a system to detect the label on the probe. In this way the 
cytochemist is able to determine where in the organism a particular 
DNA or RNA sequence is located. 

In situ hybridization is primarily used at the light microscopic 
(LM) level, but recent developments in non-isotopic probe labelling 
technology hold great promise for applications of the technique in 
electron microscopy. Nucleic acid probes can now be labelled by the 
attachment of a hapten such as the vitamin biotin or the plant steroid 


in situ hybridization immunocytochemistry 


AA 
DNA ——~ RNA —— PROTEIN 


Fig. 6.1. In situ hybridization is a histochemical technique used to localize a specific 
DNA or RNA sequence. Whereas immunocytochemistry is typically used to localize a 
protein, in situ hybridization can be applied to localize the genes or the transcripts that 
code for the protein, 
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digoxygenin. Following hybridization of the probe to the targets, the 
label is visualized by immunodetection using an antibody against the 
hapten. The vast array of immuno- or affinity-detection systems 
developed for immunocytochemistry can now be adapted to in situ 
hybridization. This chapter will examine previous applications of in 
situ hybridization at the electron microscopic (EM) level, and will 
endeavour to highlight potential future applications. Annotated recipes 
used in our laboratory for localization of specific RNAs at the EM level 
are presented in Section 6.8. 


6.2. BACKGROUND 


In situ hybridization studies began with the original work of Gall and 
Pardue (1969) and John et al. (1969) in which ribosomal RNA (rRNA) 
that had been tritiated in vivo was isolated and used as a probe to 
localize rRNA genes. Subsequent applications of the technique were 
limited by the availability of specific probes. With the advent of 
recombinant DNA technology, it became possible to produce large 
quantities of specific probes. A wide range of gene clones have now 
been used as in situ hybridization probes and have proven invaluable 
for analysing tissue-specific expression and developmental regulation 
of many plant and animal genes (see Uhl, 1986; Valentino et al., 1986; 
Penschow et al., 1987; Harris and Wilkinson, 1990; McFadden, 1989; 
see also Haase and Oldstone, 1989; Lichter and Ward, 1990 for general 
reviews). Most of these studies have used radioactively labelled probes 
which are highly suitable for LM applications. 

The first use of in situ hybridization at the EM level was by Jacob 
et al. (1971) who essentially repeated the pioneering LM experiments 
of Gall and Pardue (1969). Using isolated 285 ribosomal RNA that was 
tritiated in vivo with [*H]uridine, Jacob et al. (1971) localized 28S rRNA 
genes in the nuclear caps of Xenopus ovaries. The bound probe was 
detected by microautoradiography: exposure periods of about 10 weeks 
were necessary for detection of probe. This prolonged delay in 
acquiring results is the major drawback of using isotopically labelled 
probes for EM in situ hybridization. Nevertheless, Jacob et al. (1971) 
were able to confirm that amplified rRNA genes aggregate in perinuclear 
caps during embryonic development in Xenopus. In similar experiments 
several authors used isotopically labelled probes to localize ribosomal 
RNA or ribosomal DNA to various structures in animal cells (Steinert 
et al., 1976, 1984; Binder et al., 1986; Wachtler et al., 1989; Binder, 
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1987); viral DNA in infected human and monkey cells (Croissant et 
al., 1972; Geuskens and May, 1974); poly d(A-T) satellites in crab 
intestine (Geuskens et al., 1967); prolactin mRNA, growth hormone 
mRNA and vasopressin mRNA in rats (Morel et al., 1986; Guitteny 
and Bloch, 1989; Tong et al., 1989); and satellite DNA in chromosomes 
and nuclei of mice (Jacob et al., 1974; Hutchison et al., 1982). These 
studies, using probes labelled with °H, *°S or '°I, report exposure 
periods for microautoradiography of up to 8 months. 


6.3. NON-RADIOACTIVE PROBES 


The delay factor inherent in using isotopically labelled probes for in 
situ hybridization at the EM level was overcome by the introduction 
of a non-isotopically labelled probe (Langer et al., 1981). Rather than 
incorporating a radionuclide into the probe, the strategy was to 
produce a probe with a hapten attached at intermittent places along 
the polynucleotide. Following the hybridization of the probe to the 
targets, the hapten could be detected with a suitable marker system. 
The most commonly used hapten for probe labelling is vitamin H or 
biotin. Probe molecules with biotin attached are usually synthesized 
using biotinylated nucleotide analogues (see Fig. 6.2). The biotinylated 
nucleotide analogues are substrates for DNA and RNA polymerases 
and can be incorporated into DNA or RNA probes by in vitro 
polymerization. For synthesizing DNA probes, biotinylated dUTP is 
substituted for dTTP, and for RNA probes biotinylated rUTP is 
substituted for rUTP. The biotin moiety is attached to the nucleotide 
analogue at the C-5 position of the pyrimidine through an allylamine 
linker arm (see Fig. 6.2). Attachment of biotin at the C-5 position 
apparently does not seriously affect the bases’ ability to form hydrogen 
bonds with adenine (Hiriyanna et al., 1988), and the probe is still able 
to hybridize with complementary targets. The allylamine linker arm 
apparently positions the biotin group far enough out from the 
probe/target duplex such that the detection molecules have access to 
the label (Leary et al., 1983). The 11-atom linker arm is most commonly 
used for in situ hybridization probes, but several sizes of linker arms 
are commercially available. 

An alternative method for biotinylation of probes is the photobiotin 
system (Forster et al., 1985; McInnes et al., 1987). Photobiotin consists 
of a light-sensitive azido group attached via the linker arm to the 
biotin moiety. When photobiotin is mixed with either DNA or RNA 
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Fig. 6.2. Structures of hapten-labelled nucleotide analogues used to synthesize labelled 
nucleic acid probes in vitro (a) 5-N-[N-Biotinyl-e-aminocaproy]]-3-aminoallyl) uridine 
5'-triphosphate (bio-11-UTP). (b) 5-(N-[N-(Digoxygenin-3-0-methylcarbonyl)-€-aminoca- 
proyl]-3-aminoallyl) uridine 5’-triphosphate (DIG-11-UTP). Both nucleotide analogues 
are also available in 2'-deoxyribose version for synthesis of DNA probes. 


and irradiated, the azido group is photolysed to a highly reactive 
nitrene group. The nitrene group reacts with base residues covalently 
linking the biotin to the nucleic acid. It is usually recommended that 
only one biotin moiety be attached per 100-400 residues using 
photobiotin in order to minimize loss of base pairing ability. 
Photobiotin labelling is suited to preparation of large quantities of 
probes. 

Biotin was originally chosen as a label due to the extraordinary 
affinity of the egg white protein avidin for biotin (see Wilchek and 
Bayer, 1989). Avidin, and also the bacterial cell wall protein streptavidin, 
bind to biotin with binding constants in the order of Kais = 10° '°, 
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and when these proteins are coupled to indicator molecules, an 
excellent affinity detection system can be devised. Somewhat curiously, 
the majority of EM in situ hybridization protocols employing biotin- 
labelled probes do not use avidin or streptavidin to detect the label 
but instead use an antibody against biotin (e.g. Manning et al., 1975; 
Hutchison et al., 1982; Langer-Safer et al., 1982; Manuelidis et al., 1982; 
Mantuelidis, 1985; Binder et al., 1986; Narayanswami and Hamkalo, 
1986; Binder, 1987; Cremers et al., 1987; Radic et al., 1987; Webster et 
al., 1987; McFadden et al., 1988; McFadden, 1989, 1990a,b; Puvion- 
Dutilleul and Puvion, 1989; Singer et al., 1989a,b; Thiry and Thiry- 
Blaise, 1989). Why antibiotin antibodies were used in preference to 
avidin is not stated but is perhaps due to the lack of suitable avidin 
and streptavidin conjugates for EM detection when the technology 
was being explored. I have not yet been able to achieve as high a 
signal with streptavidin-gold as I have with antibiotin antibodies and 
secondary antibodies coupled with colloidal gold. Note should also be 
taken of a recent report showing that milk powders used as blockers 
may inhibit the avidin/biotin reaction (Hoffman and Jump, 1989). 

While biotin is the major hapten used to label probes, virtually any 
moiety can be used providing that there exists a suitable means of 
detecting the hapten and that the hapten’s presence does not disrupt 
hybridization (see Coulton, 1990; Raap et al., 1990a,b; Lichter and 
Ward, 1990 for reviews). Recently the plant steroid digoxygenin, which 
is produced by the common foxgloves (Digitalis purpurea and D. lanata), 
has been used to label probes. Digoxygenin is produced by mild 
hydrolysis of the cardiac glycoside digoxin to remove the digitoxose 
sugars. Digoxygenin is linked to either deoxyuridine-triphosphate or 
uridine-triphosphate in a manner similar to biotinylation of nucleotides 
(see Fig. 6.2). The digoxygenylated nucleotide analogues are used as 
substrates during in vitro synthesis of DNA or RNA probes. After 
hybridization, the digoxygenylated probes are detected with an anti- 
digoxygenin antibody. The antidigoxygenin antibody is available 
conjugated to various reporter molecules. For EM in situ hybridization 
it is possible to use digoxygenylated probes and detect the label with 
sheep anti-digoxygenin followed by rabbit anti-sheep coupled with 
colloidal gold marker (see Section 6.5). 

The introduction of different haptens as probe labels adds versatility 
to in situ hybridization systems. For instance, it is now possible to 
label one probe with biotin and another probe with digoxygenin. The 
two probes can be hybridized with one section and each probe 
immunodetected with a different-sized colloidal gold marker, resulting 
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in a double labelling in situ hybridization experiment at the EM level 
(see Section 6.5.1 and Figs 6.5 and 6.6). 


6.4. METHODOLOGICAL CONSIDERATIONS 


The usefulness of in situ hybridization is ultimately dependent on the 
resolution and sensitivity achieved. These parameters will largely be 
determined by three factors: (1) the efficacy of the probe, (2) the 
efficiency of the detection system, and (3) the method of specimen 
preparation. The following sections will examine these factors in 
relation to in situ hybridization procedures for plant specimens. 


6.4.1. Hybridization Conditions 


Ideally the probe should have an identical (but complementary) base 
secuence to the target polynucleotide; in practice, probes with a small 
degree of mismatch can be used. The ability of two nucleic acids to 
hybridize is determined by both the nature of the molecules themselves 
and the conditions under which they are combined. Hybridization 
conditions are referred to as ‘stringency’; low stringency allows nucleic 
acids with a low degree of sequence similarity to hybridize while 
higher stringency is less permissive. The stringency should be adjusted 
to maximize specific annealment of the probe to complementary targets. 
Several factors affect the ability of two nucleic acids to hybridize. For 
instance, annealment of two strands of RNA is governed by the 
following relationship (from Angerer and Angerer, 1989): 


Tim = 79:8°C + 18-5logM + 0.584(%GC) — 300 + 2000M/L — 0.35(%F) 
— 1-4(% mismatch) 


where T,, = temperature at which half the population of duplex 
molecules (RNA/RNA) become dissociated or ‘melted’; M = ionic 
strength (mol litre~'); %GC = mole percentage of guanine/cytosine 
pairs in probe target duplex; L = length of probe in base pairs; 
%F = percentage (v/v) of formamide in hybridization buffer; and % 
mismatch = percentage of non-complementary base pairs between the 
hybridizing strands. chat is, temperature, salt concentration and 
formamide concentration are varied according to the % sequence 
similarity, length and %GC content of the probe. Formamide which 


226 G.t. McFadden 


increases the solubility of the bases and is a duplex destabilizing agent, 
allows hybridization at lower temperatures. A standard hybridization 
buffer will usually include 50% formamide and 0.15M NaCl. The 
experimental conditions producing the maximum signal-to-noise ratio 
are usually determined empirically. The simplest parameter to vary is 
usually temperature, and it is best to run several experiments at 
different hybridization temperatures. As a guide, DNA probes can be 
used to localize RNA at 42°C and RNA probes can be used to localize 
RNA at 50-70°C using the standard buffer (see Section 6.8). After 
hybridization, the specimens are usually washed for some period at 
the same temperature chosen for the hybridization. The wash buffer 
should have an equivalent or lower salt concentration than the 
hybridization buffer and usually contains no formamide. The wash 
conditions can be varied and increasing the wash stringency will 
usually result in reduced noise. 


6.4.2. Double-Stranded Probes 


In earlier studies, double-stranded DNA probes (either cDNA or 
genomic DNA clones) were commonly used. The clone is usually 
amplified in a bacterial plasmid and labelled by either nick-translation 
(Ausubel et al., 1988) or by random priming (see Section 6.8). These 
labelling procedures produce labelled copies of both the coding and 
non-coding strands (a double-stranded probe). The coding strand will 
hybridize with the cellular RNA target. However, the coding and non- 
coding strands can tend to anneal to one another rather than to 
the target, reducing the efficiency of such double-stranded probes. 
Moreover, the unlabelled template remains in the probe solution, and 
the unlabelled coding strands compete with the labelled ones for the 
targets, further reducing the signal. 


6.4.3. Single-Stranded Probes 


Problems inherent with use of double-stranded probes can be 
circumvented by use of single-stranded probes. In vitro transcripts are 
one type of single-stranded probe. RNA complementary to cellular 
RNA (known as cRNA or antisense RNA) is transcribed from a plasmid 
in which the non-coding DNA strand is inserted downstream of a 
bacteriophage RNA polymerase promoter (Cox et al., 1984; Angerer 
et al., 1987). Discrete ‘run-off’ transcripts incorporating labelled 
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nucleotides such as bio-11-UTP or DIG-11-UTP are made from the 
linearized plasmid template using phage RNA polymerase (see Section 
6.8). RNA probes have five advantages over DNA probes for use in 
EM in situ hybridization: (1) RNA/RNA hybrids have a higher melting 
point (T,,), allowing more stringent conditions to be used, (2) the 
single-stranded probe contains no complementary strand and can only 
form duplexes with the targets, (3) the concentration of RNA far 
exceeds that of the DNA template, minimizing loss of signal through 
unlabelled coding strand annealing to targets, (4) transcripts produced 
from the DNA coding strand (sense RNA) can be used as a negative 
control probe, and (5) enough probe to label 100 grids can be produced 
with a single labelling reaction. In my experience RNA probes give 
an approximately five-fold greater signal for EM in situ hybridization 
in comparison to DNA probes. 

Single-stranded synthetic oligodeoxyribonucleotides (oligo probes) 
have been used successfully for LM in situ hybridization (e.g. Coghlan 
et al., 1987; Guitteny et al., 1988), but are less commonly used for EM 
in situ hybridization (Trembleau et al., 1988; Guitteny and Bloch, 1989). 
Oligo probes are typically less than 50 nucleotides in length and may 
perhaps be unsuitable for EM in situ hybridization due to the limited 
number of label moieties they bear. Oligo probes are typically end- 
labelled, either with [*°S]dATP or preferably [7H]dCTP for EM in situ 
hybridization (Trembleau et al., 1988; Guitteny and Bloch, 1989) or 
with biotinylated nucleotides (Guitteny et al., 1988). This type of 
labelling produces a ‘tail’ of labelled nucleotides on the 3’ terminus. 
These ‘tails’ are rumoured to increase non-specific adhesion of the 
probe to tissues. 

A novel technique producing oligoriboprobes could be very useful 
for EM in situ hybridization. Oligoriboprobes are transcribed from a 
DNA template created from an in vitro transcription vector with an 
oligodeoxynucleotide attached. The 3’ end of a synthetic oligodeoxyri- 
bonucleotide is annealed to a sticky end produced by endonuclease 
restriction of an in vitro transcription vector just downstream of the 
phage RNA polymerase promoter (Wolfl et al., 1987). Phage RNA 
polymerase is then used to transcribe an oligoribonucleotide incorporat- 
ing labelled ribonucleotides (Wolfl et al., 1987; Penny et al., 1988). The 
oligoriboprobes could be labelled with biotinylated nucleotides and 
these probes, which could incorporate several hapten labels, may yet 
prove very suitable for EM in situ hybridization. The oligoriboprobes 
have the advantage that they do not have a ‘tail’ that could stick non- 
specifically to sections. Also, being RNA probes, a higher stringency 
can be used. 
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6.4.4. Probe Detection 
6.4.4.1, Isotopic Probe Detection 


Radiolabelled probes are detected by microautoradiography. Grids are 
coated with liquid emulsion (see Chapter 1), exposed for a suitable 
period, and latent silver grains (produced in the emulsion by emitted 
B particles) are chemically developed (Pardue, 1986). Only isotopes 
emitting low-energy B particles such as °H or *™I are suitable for EM. 
Although isotopes such as *°S or ?P give higher specific activities, the 
high-energy particles result in low-resolution autoradiography. 


6.4.4.2. Non-isotopic Probe Detection 


Non-isotopic labels on probes can either be immunodetected or affinity 
detected in the case of biotin. Several antibiotin antibodies are 
commercially available and can be used at concentrations of about 
5 wg ml! for EM in situ hybridization. 

A number of electron-dense markers can be employed. Colloidal 
gold conjugated to a secondary antibody has been the most common 
choice of marker. Cremers et al. (1987) and Webster et al. (1987) report 
successful use of a secondary antibody conjugated to horse-radish 
peroxidase then diaminobenzidine tetrahydrochloride (DAB) for local- 
ization of a unique sequence on isolated human chromosomes. Leitch 
et al. (1990) have marked entire chromosomes in grass hybrids using 
horse-radish peroxidase conjugated to streptavidin to produce a 
DAB precipitate. Affinity detection of biotinylated probes with 
avidin/ferritin, avidin/peroxidase/DAB and streptavidin/gold has been 
successfully performed in several studies (Harris and Croy, 1986; 
Webster et al., 1987; Brangeon et al., 1988, 1989). Digoxygenylated 
probes have only been detected with antibodies and colloidal gold 
markers for EM in situ hybridization (see Section 6.8). 


6.4.5. Specimen Preparation 


Nucleic acids exist in several different structures within a cell, and the 
method of preparation will vary depending on the system being 
investigated. In situ hybridization at the EM level can be performed 
with whole mounts of small structures such as chromosomes, nuclei 
and even single cells, but for most multicellular organisms it will be 
necessary to prepare ultrathin sections. 
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6.4.6. Wholemounts 


High-resolution localization of specific DNA sequences on isolated 
chromosomes is essential for construction of physical maps pinpointing 
various genes on the DNA strands (e.g. Manning et al., 1975; Hutchison 
et al., 1982; Manuelidis et al., 1982; Manuelidis, 1985; Narayanswami 
and Hamkalo, 1986; Cremers et al., 1987; Radic et al., 1987; Lichter and 
Ward, 1990). Detailed protocols for isolation and EM in situ 
hybridization of chromosomes are given elsewhere (Manuelidis, 1985; 
Pardue, 1986). Briefly, the isolated chromosomes are placed on coated 
grids and the DNA denatured to allow the probe access to one strand. 
The probe is hybridized to the chromosomes and detected after 
washing. Using this technology it is not only possible to localize the 
target sequence to a particular chromosome, but also feasible to map 
sequences along the length of the chromosome in relation to marker 
sequences and landmark polytene bands. Localization of sequences on 
isolated chromosomes will not only be useful for understanding 
genomic organization but should also provide information on insertion 
sites of foreign DNA in either transgenic organisms or those infected 
with viruses. 

Localization of mRNA has also been done by wholemount technique. 
Singer et al. (1987, 1989a,b) have hybridized biotinylated probes for 
actin, tubulin, myosin and vimentin mRNAs to detergent-extracted 
chicken fibroblasts and myoblasts. The label was immunodetected 
with antibiotin and a secondary antibody conjugated to colloidal gold. 
The cells were then freeze dried and examined by EM. Each mRNA 
was apparently labelled with about eight gold particles and is spiral 
or circular in configuration (Singer et al., 1989b). Singer and colleagues 
emphasize the advantage of marking each target sequence with a 
string of gold particles in order to reliably distinguish the bona fide 
signal from noise represented by individual gold particles. The 
wholemount technique is extremely sensitive with up to 900 actin 
mRNAs being visualized in one cell. In addition to in situ hybridization, 
Singer et al. (1989a,b) used immunocytochemistry to simultaneously 
localize actin, tubulin, myosin or vimentin protein with their cognate 
message in the same cell. This dual approach for simultaneous 
localization of message and protein revealed that actin message is 
concentrated at the cell periphery and is apparently attached to 
actin filaments. The continued development of these high-resolution 
cytochemical techniques should help to clarify the mechanisms 
responsible for establishing subcellular redistribution of mRNAs and 
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will lead to a more thorough understanding of the dynamic processes 
of the cytoskeleton. 


6.4.7. Pre-embedding for Ultrathin Sections 


Localization of nucleic acid targets in ultrathin sections can be done 
either pre- or postembedding. For pre-embedding a small piece of 
tissue is ‘lightly’ fixed then made porous by enzymatic digestion or 
treatment with non-ionic detergents. The tissue is then soaked in the 
labelled probe, which hybridizes to targets throughout the tissue piece. 
Following washing, the bound probe is usually detected with an 
electron-dense marker which must also be diffused into the tissue 
piece. The tissue is then washed, postfixed, and embedded in epoxy 
resin for sectioning (e.g. Harris and Croy, 1986; Silva et al., 1989). The 
pre-embedding method has been used to localize P, glycoprotein 
mRNA in rats (Webster et al., 1987), vasopressin mRNA and oxytocin 
mRNA in rats (Trembleau et al., 1988; Guitteny and Bloch, 1989), viral 
RNA in human fibroblasts (Wolber et al., 1989), legumin mRNA in 
pea cotyledons (Harris and Croy, 1986), myosin and tubulin mRNAs 
in chicken embryos (Silva et al., 1989; Singer et al., 1989b), and ribulose 
bisphosphate carboxylase mRNAs in tobacco (Brangeon et al., 1988, 
1989). In the latter studies it was confirmed that mRNA for the small 
subunit of ribulose bisphosphate carboxylase accumulates in the 
cytoplasm while the mRNA for the large subunit accumulates in the 
chloroplast (Brangeon et al., 1988, 1989). 

While the pre-embedding method is able to localize mRNAs to 
subcellular compartments, problems of variable probe penetration, 
poor morphological detail due to tissue permeabilization, and difficulty 
in visualizing ferritin or small colloidal gold markers severely limit 
the usefulness of this approach (Silva et al., 1989; Brangeon et al., 1988, 
1989). Diffusion of the probe into the tissue is improved using 
oligonucleotide probes (Trembleau et al., 1988; Guitteny and Bloch, 
1989). Difficulties in getting an electron-dense marker into the tissue 
piece can be circumvented by using an isotopically labelled probe and 
detecting by autoradiography after the embedding and sectioning 
(Trembleau et al., 1988; Guitteny and Bloch, 1989). However, in order 
to attain satisfactory resolution it is necessary to use °H as a label 
rather than *°S, and the original problem of protracted exposure times 
for autoradiography (see Section 6.2) is re-encountered (Trembleau et 
al., 1988; Guitteny and Bloch, 1989). In view of these various 
shortcomings, it is desirable that a sensitive and reliable postembedding 
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method for EM in situ hybridization be developed as an alternative 
approach. 


6.4.8. Postembedding Methods 


Embedding usually requires that the tissue be fixed and dehydrated 
prior to infiltration. Fixation conditions for in situ hybridization have 
been explored in some detail for animal systems (see McFadden et al., 
1988 for references) and the principles can probably be adapted to 
plant tissues. While coagulative fixatives such as ethanol/acetic acid 
preserve nucleic acids, they do not offer particularly good morphological 
preservation and are seldom used. Aldehydes (glutaraldehyde or 
paraformaldehyde) give good structural preservation and nucleic acid 
retention and are probably the fixatives of choice. However, aldehydes 
produce a highly cross-linked tissue matrix and it may be necessary 
to perform limited protease digestion to allow the probe access to 
target nucleic acids (see Section 6.8). Osmium tetroxide fixation is 
apparently not compatible with in situ hybridization; this fixative 
probably oxidizes the carbon-carbon double bonds in the bases, 
disrupting base pairing (Horobin, 1974). 

The choice of embedding medium for postembedding in situ 
hybridization is governed by similar principles to immunocytochemis- 
try. Hydrophobic epoxy resins have not been used for EM in situ 
hybridization. Just as acrylic resins are preferred for their hydrophilicity 
in immunocytochemistry, they are also favoured for in situ hybridiz- 
ation. Early EM in situ hybridization studies used glycol methacrylate 
(Jacob et al., 1971, 1974; Steinert et al., 1976, 1984), but latter studies 
have employed the new generation acrylic resins (Binder et al., 1986; 
Binder, 1987; Webster et al., 1987; McFadden et al., 1988; McFadden, 
1989, 1990a,b; Puvion-Dutilleul and Puvion, 1989). Both low-tempera- 
ture embedding in Lowicryl K4M (Binder et al., 1986; Binder, 1987; 
Webster et al., 1987; Puvion-Dutilleul and Puvion, 1989; Thiry and 
Thiry-Blaise, 1989) and room-temperature embedding in London Resin 
Gold (McFadden et al., 1988; McFadden, 1989, 1990a,b) or LR White 
(Leitch ef al., 1990) are suitable for preservation of RNAs and DNAs 
for subsequent localization. Unlike proteins, nucleic acids are not 
sensitive to moderate heat or alcohol so cold-temperature embedding 
and partial dehydration procedures used for immunocytochemistry 
may perhaps be superfluous. However, if immunocytochemistry is to 
be performed on parallel sections then these procedures may be 
advantageous. 
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6.5. MODEL SYSTEM FOR DEVELOPMENT OF A 
POSTEMBEDDING METHOD 


In our laboratory we have developed a postembedding EM in situ 
hybridization procedure using aldehyde-fixed material embedded in 
LR Gold at room temperature. We have chosen to probe for rRNAs in 
developing this technology because (1) targets are present in high copy 
number, (2) different targets are known to be localized in specific 
subcellular compartments (i.e. chloroplast or nucleocytoplasm), and 
(3) suitable clones for use as probes were available. 

In this postembedding method ultrathin acrylic resin sections are 
hybridized with biotinylated or digoxygenylated probes. The label is 
then immunodetected with antibodies and colloidal gold markers. 
Figure 6.3 shows localization of nuclear-encoded cytoplasmic rRNA in 
a unicellular alga. The probe is a 1000-bp (base pair) biotinylated 
antisense RNA from a clone of the 18S rRNA gene from Pisum sativum 
(BamHI/EcoRI fragment from 18S gene, see Jorgensen et al., 1987 for 
details). This heterologous probe hybridizes strongly with rRNA in 
ribosomes present in the algal cytoplasm. The probe also hybridizes 
to newly transcribed rRNAs in the nucleolus (Fig. 6.3). At the stringency 
used, this probe will not hybridize with rRNAs in the chloroplasts or 
mitochondrion of these cells. However, if lower stringency is used (i.e. 
45°C hybridization and wash temperatures in standard buffer) then 
the cytoplasmic rRNA probe will cross-hybridize with chloroplast and 
mitochondrial rRNA (not shown). The colloidal gold markers are often 
observed to be present in strings of about 8-12 particles (arrows in 
Fig. 6.3). It is probable that these strings of marker particles are all 
attached to a single probe molecule. The 1000-bp probe molecules used 
here could theoretically accommodate about 10 colloidal gold particles 
with a 15 nm diameter (Hiriyanna et al., 1988; Singer et al., 1989b). 
The utility of iterative markers for detecting bona fide signal has been 
emphasized by Singer and colleagues. By using a strictly defined probe 
length, as is produced with in vitro transcripts, it should be possible 
to take advantage of the phenomenon of gold marker strings in a 
postembedding system. If several short probes directed at different 
stretches of the target sequence could be used, then a string of marker 
particles would be very probably associated with a bona fide target. 

The 16S rRNA in the chloroplast is the second target that has 
been localized using this postembedding method. Figure 6.4 shows 
localization of chloroplast rRNA using a biotinylated 800-bp antisense 
RNA probe transcribed from a clone of 16S chloroplast rRNA from 
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Chlamydomonas reinhardtii (EcoRI fragment number 36/37 from Grant 
et al., 1980). This probe hybridizes with chloroplast rRNA present in 
the ribosomes in the chloroplast stroma but not with nuclear-encoded 
rRNAs in the cytoplasm (Fig. 6.4). When hybridized at 50°C, the 
chloroplast rRNA probe also hybridizes with mitochondrial rRNA (Fig. 
6.4) which has more nucleotide sequence similarity with chloroplast 
rRNA than cytoplasmic rRNA (Pace et al., 1986). 


6.5.1. Simultaneous Localization of Two Targets: Double Label in 
situ Hybridization 


Localization of the two rRNA targets using one probe labelled with 
biotin and the other labelled with digoxygenin is compared in Fig. 
6.5. Figure 6.5A shows localization of nuclear-encoded cytoplasmic 
rRNA with a biotinylated probe while Fig. 6.5B shows localization of 
chloroplast rRNA in a similar section using a digoxygenylated probe. 
These micrographs demonstrate that a very high signal-to-noise ratio 
(approximately 100:1) can be achieved using this technique. In Fig. 
6.5C the two probes have been used simultaneously on one section 
and different sizes of colloidal gold used to detect the biotin and 
digoxygenin labels (see Fig. 6.6. for diagrammatic explanation). By 
labelling probes with different haptens and using two different 
markers, it is possible to detect two targets in one section (see also 
McFadden et al., 1990). 


6.5.2. Controls 


A number of controls should be carried out to test the validity of the 
localization. If using RNA probes to localize cellular RNAs, then the 
sense strand (which has the same base sequence as the targets) should 
be hybridized to parallel sections. When using DNA probes, an 
irrelevant probe (one that is known not to be expressed in the cells 
being examined) should be used. If DNA probes are labelled from 
whole plasmid DNA (i.e. vector and insert) then labelled vector without 
insert should be used to check that no vector sequences hybridize to 
cells. Another type of control is to digest the targets with a nuclease 
prior to hybridization. This approach is not so useful when using 
RNA probes to localize RNA targets as residual RNase remaining after 
the digestion can destroy the probe molecules. It is also necessary to 
check that the detection and marker system does not produce any false 
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signal. Run a series of experiments in which one of each of the 
detection and marking components is omitted. 


6.5.3. System Advantages 


The postembedding method outlined here has several advantages. 
Aside from unicellular algae the localization method works on bacteria 
(McFadden, 1990b), higher plants (McFadden, 1989), and mammalian 
tissue culture cells (McFadden et al., 1990). The specimens exhibit 
relatively good fine structural morphology. The blocks or sections can 
be stored for long periods (up to 1 year so far) before hybridization 
without apparent loss of signal. Sections from the same blocks can 
also be used for immunocytochemistry at the LM and EM levels (see 
Anderson et al., 1989). The non-radioactive probes avoid any risks 
associated with use of radioisotopes and can be stored at —20°C for 
extended periods (again at least 1 year so far). Immunodetection with 
colloidal gold markers is rapid (hybridization and detection can be 
done in one day) and gives a very clear result for presentation. It is 
possible to detect two different targets on a single section using 
one probe labelled with biotin and a second probe labelled with 
digoxygenin. The system can be used at the light microscope level 
simply by cutting thicker sections and amplifying the colloidal gold 
markers with silver enhancement (Bonig and McFadden, unpublished). 
Annotated recipes for our methods are given in Section 6.8). 


Fig. 6.3 Posterior end of a unicellular alga (Chroomonas caudata, division Cryptophyta) 
labelled with a probe for nuclear encoded cytoplasmic rRNA. The labelling was done 
with a biotinylated antisense RNA probe detected with rabbit anti-biotin followed by 
goat anti-rabbit conjugated with 15nm colloidal gold. The gold markers are present 
over the ribosomes in the cytoplasm (Cy) and also at the transcription site in the 
nucleolus (No). In some instances the markers appear to be in linear strings of about 
10 colloidal gold particles (arrows). The nucleoplasm (Nu) and chloroplast (Ch) are not 
marked. 


Fig. 6.4. Section of the chloroplast of Chroomonas caudata hybridized with a probe 
specific for chloroplast rRNA. The biotinylated antisense RNA was detected as in Fig. 
6.3. This probe marks the chloroplast ribosomes in the stroma and also the mitochondrial 
ribosomes at low stringency (arrow). 
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Fig. 6.5. Cross-sections of posterior end of Chroomonas caudata showing nucleus and 
chloroplast. (A) Hybridization with biotinylated antisense RNA probe for nuclear- 
encoded cytoplasmic rRNA detected as in Fig. 6.3. The probe only marks the cytoplasmic 
ribosomes and nascent ribosomes in the nucleolus. Chloroplast (Ch) ribosomes are 
spared. Note the high signal-to-noise ratio. (B) Hybridization with digoxygenylated 
antisense RNA probe for chloroplast rRNA detected with sheep anti-digoxygenin 
followed by rabbit anti-sheep conjugated with 15 nm colloidal gold. Only the chloroplast 
ribosomes are marked. (C) Double labelling experiment using biotinylated probe for 
cytoplasmic rRNA and digoxygenylated probe for chloroplast rRNA simultaneously. The 
cytoplasmic rRNA probe was detected with 10nm colloidal gold and the chloroplast 
rRNA probe was detected with 15 nm colloidal. The two target sequences are distinctly 
marked with the different size gold markers. At the higher stringency used here (70°C), 
the mitochondrial rRNA is not detected (arrow). (Reproduced from McFadden et al., 
1990 with permission.) 
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Fig. 6.6. Diagrammatic representation of the double labelling system used in Fig. 6.5C. 
The digoxygenylated probe (probe 2) hybridizes with target 2 and the biotinylated 
probe (probe 1) hybridizes with target 1. The digoxygenylated probe is detected with 
sheep anti-digoxygenin followed by rabbit anti-sheep conjugated to 15 nm colloidal 
gold. The biotinylated probe is detected with rabbit anti-biotin followed by protein A 
conjugated to 10 nm colloidal gold. The positions of the antibodies are not meant to 
show the way in which the antibodies bind with the antigenic determinants. Only the 
Fab- fragment of the sheep anti-digoxygenin was used. The diagram is not to scale. 
(Reproduced from McFadden et al., 1990 with permission.) 


6.6. FUTURE APPLICATIONS AND DEVELOPMENTS 


An immediate application of EM in situ hybridization would be the 
localization of rRNA genes and rRNA transcription sites within nucleoli 
using probes for nuclear-encoded rRNA as described in Section 6.5. 
Little is known about the organization of the ribosomal genes within 
plant nucleoli at present. This technology offers a potential means of 
examining that substructure. 

Immunocytochemistry using antibodies directed against viral coat 
proteins has been a valuable tool for localizing viral particles. However, 
once the virus uncoats and the genome goes into action, virologist 
have had to work blind. Localization of specific viral RNAs and DNAs 
in virus-infected cells will be an extremely powerful adjunct to the 
study of replication and spread of the viral genome. Some important 
studies of viral genomes in animal cells using EM in situ hybridization 
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have already been made (e.g. Wolber et al., 1989; Puvion-Dutilleul 
and Puvion, 1989). I believe that current EM in situ hybridization 
technology could also solve various questions in the field of plant 
virology. 

Another field where EM in situ hybridization has proven valuable 
is in the study of endosymbiosis. I have already used the techniques 
described herein to demonstrate that some algal cells contain two 
disjunct nucleocytoplasmic compartments (McFadden, 1990a,b). The 
cytochemical results support the hypothesis that these cells contain 
a eukaryotic endosymbiont. Recently it was reported that basal 
bodies in the green flagellate Chlamydomonas may contain DNA 
(Hall et al., 1989). Using LM in situ hybridization with a fluorescent 
marker, Hall et al. (1989) showed that each basal body is associated 
with a copy of the uni chromosome. Ultrastructural resolution in situ 
hybridization will be required to determine exactly where in the 
basal body the uni chromosome resides. It is now apparent that 
plant and algal cells contain several genomes, each of which must 
interact with those in other compartments to organize the cell’s 
activities. In situ hybridization studies will be vital for unravelling 
these interactions. 

Perhaps the most extraordinary discovery to stem from in situ 
hybridization is that mRNAs are not simply distributed homo- 
geneously throughout the cytoplasm (Singer et al., 1989b; Silva et 
al., 1989; Jeffrey, 1989). The concept that mRNAs can accumulate in 
specific regions of the cell’s cytoplasm conjures up visions of three- 
dimensional cell organization that can now be tested experimentally. 
It is this area that represents the greatest challenge to cytochemists 
in the near future. 


6.6.1. The Question of Sensitivity 


An obvious stumbling block with EM in situ hybridization is 
sensitivity. Most of the successful uses of EM in situ hybridization 
have localized nucleic acids present in very high copy numbers such 
as satellite DNAs, rRNA genes, rRNAs and viral genomes. The 
signal-to-noise ratio must be high enough so that the microscopist 
can confidently localize the target. For the less abundant nucleic 
acids such as single copy genes and mRNAs this may be difficult. 
An ultrathin section contains only a small portion of a cell and hence 
only a small percentage of the cells mRNAs. Thus some low copy 
number mRNAs may not even be represented in each ultrathin 
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section of a cell. Clearly there will be a necessity for increasing 
the signal. There are two approaches to increasing the signal: 
(1) amplification of the signal achieved with the existing targets 
through enhancement of the marker system, and (2) increasing the 
number of targets being probed for. For the first approach it should 
be possible to adapt methods already developed for immunocyto- 
chemistry such as double bridges, biotinylated secondary antibodies 
and streptavidin complexes, silver enhancement of ultra small gold 
markers, or protein A/anti-protein A antibody aggregates (e.g. 
Binder et al., 1986). 

The second approach to increasing sensitivity (increasing the 
number of targets) involves several unexplored possibilities. It may 
be possible to increase the accessibility of targets by deplasticizing 
sections (see Mar and Wight, 1988; Lischia et al., 1988) such that the 
probe gets into the section and does not merely label targets exposed 
at the surface. Jt may also be feasible to use higher voltage EM to 
examine thicker deplasticized sections labelled throughout their 
thickness. Ultrathin cryosections are an attractive possibility for 
localization of targets throughout the section thickness and have 
been successfully used by Morel et al. (1986) to localize mRNA with 
an isotopically labelled probe. Another avenue to be explored is the 
use of probes able to penetrate the embedding medium. Certain 
histochemical reagents are apparently able to penetrate acrylic resins 
(Newman, 1985, 1987; Ellinger and Pavelka, 1985; Newman and 
Hobot, 1987; McFadden et al., 1988). While hapten-labelled nucleic 
acid probes could perhaps penetrate resins, it is not yet certain as 
to whether probe detection antibodies could follow. In any case, the 
colloidal gold markers will certainly not be able to penetrate the 
resin. It may be necessary to rethink the methods of probe labelling 
and detection for EM in situ hybridization. Jablonski ef al. (1986) 
describe the conjugation of alkaline phosphatase to oligodeoxynucle- 
otide probes. This type of probe could possibly penetrate acrylic 
resins and hybridize to targets throughout the section. The phospha- 
tase could then be used to produce an electron-dense precipitate 
such as DAB. 

Is it possible to artificially increase the number of targets in the 
section and thus increase the chances of detecting them? The 
polymerase chain reaction (PCR), which allows amplification of a 
specific nucleic acid sequence in vitro (Saiki et al., 1988), could probably 
be applied in situ. Once a means of fixing the target copies in 
place at the end of each amplification cycle is devised, in situ 
hybridization/PCR can become a reality. 
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6.7. CONCLUSION 


The introduction of methods for non-isotopic labelling of nucleic acid 
probes has opened the way for rapid development of in situ 
hybridization in electron microscopy. Exciting new techniques for 
simultaneous localization of a protein and its cognate messenger RNA 
in the same sample have been established (Singer et al., 1989b). 
Additionally, it has been shown here that it is feasible to localize at 
least two nucleic acid targets simultaneously at the ultrastructural level. 
The ability to localize specific DNA and RNA sequences at the 
subcellular level will complement existing microscopical techniques 
and become a powerful tool in cell biology. Probe labelling techniques 
and systems for detection of labels are developing apace: the scope 
for their integration into electron microscopy is currently open ended. 
Floyd E. Bloom (Preface to Valentino et al., 1987) urged light microscopists 
to ‘welcome this new arrow in our cytochemical quiver’. I now urge 
electron microscopists to take up the challenge as well and to exploit 
this new technology. 


6.8. ANNOTATED RECIPES 
6.8.1. Fixation and Embedding 


Specimens can be fixed as described by McFadden et al. (1988). Recent 
experiments have shown that successful fixation can also be achieved 
in 2% glutaraldehyde in 100mM piperazine ethane sulphonic acid, pH 
7 for 1h at 4°C. All the specimens illustrated here were fixed in this 
manner. Following fixation, the specimens are washed in buffer three 
times and then partially dehydrated in a graded ethanol series (10%, 
30%, 50%, 70% for 15 min each). After the 70% ethanol step, the 
specimens are transferred to a 3:1 mixture of ethanol/LR Gold (London 
Resin Company, Woking, Surrey, UK) and rotated overnight at room 
temperature. Next day the specimens are transferred to a 1:1 mixture 
of ethanol/LR Gold for 3h, then a 1:3 mixture for a further 3h. The 
specimens are then left overnight in straight LR Gold. The LR Gold 
is polymerized with benzoyl peroxide paste (London Resin Company). 
Addition of benzoyl peroxide paste to 1% (w/v) will usually effect 
polymerization within a few hours. It is advisable to run a test 
polymerization to establish the optimal amount of benzoyl peroxide 
paste. Make up fresh resin with benzoyl peroxide and transfer 
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specimens into this resin for polymerization. Oxygen must be excluded 
during polymerization. Best results are achieved by polymerizing in 
gelatine capsules. Cut silver/gold sections and collect them on gold 
grids coated with Pioloform (Agar Aids). 


6.8.2. Biotin or Digoxygenin Labelling of DNA Probe by Random 
Priming 


This is an adaptation of the method of Feinberg and Vogelstein (1983). 
This method is suited for labelling of linear, double-stranded DNA 
template. The template duplex is denatured and hexanucleotides 
(random primers) are annealed to the template strands at random sites. 
The primers are then extended with DNA polymerase, incorporating 
labelled nucleotides. A typical reaction will produce about 100 ng of 
labelled DNA. 

Isolate the cloned insert from the vector and determine the DNA 
concentration (Ausubel ef al., 1988). Combine 100 ng of insert with 
100 ng of random primers (Amersham) and make up the volume to 
10 pl with water. Boil this mix for 3 min then chill on ice for 5 min. 
Now add 5 pl of 10 x Messing buffer (50mm Tris-HCl pH 7:6, 100mm 
MgCl, 100mm dithriothreitol). Add 5 pl of Imm dATP, dCTP, dGTP. 
Add 5 pl of Imm bio-11-dUTP (Sigma, MI, USA) or 1mm DIG-11-dUTP 
(Boehringer, Mannheim, Germany). Add 2 pl (20 units) of DNA 
polymerase 1 (Klenow subunit, Promega Biotech). Add distilled water 
to final volume of 50 pl. Incubate at 20°C overnight. 


6.8.3. In vitro Transcription of Biotinylated or Digoxygenylated 
RNA Probes 


This method produces single-stranded RNA probes complementary to 
the target. For several reasons outlined above (Section 6.4.3), these 
probes are more efficient than double-stranded DNA probes. The 
cloned sequence must be subcloned into an in vitro transcription vector 
such that the non-coding strand is downstream of a bacteriophage 
RNA polymerase promoter engineered into the vector. The polymerase 
then transcribes a complementary or antisense RNA from the template. 
Most commercially available vectors have a different RNA polymerase 
promoter on either side of the cloning site so that the sense RNA can 
be transcribed from the same construct simply by using a different 
polymerase. By cutting the vector with a restriction endonuclease 
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downstream of the insert it is possible to limit the transcription to 
discrete length runoffs and produce labelled probe molecules of defined 
length. A typical reaction will produce several micrograms of labelled 
RNA probe. RNA is easily destroyed by ribonucleases. These enzymes 
are extremely resilient and are easily transferred from our skin to 
reaction tubes and pipette tips. Always wear gloves while preparing 
RNA probes, autoclave all tubes and tips, and treat water for buffers 
with DEPC (Ausubel et al., 1988). 

At room temperature add these reagents in this order: 4 p1 of 5x 
transcription buffer (200mm Tris pH 7-5, 30mm MgCl, 10mm spermid- 
ine, 50mm NaCl); 2 pl of 100mm DTT; 1 pl of RNasin (Promega); 1 pl 
of 10mm ATP; 1 pl of 10mm GTP; 1 pl of 10mm CTP; 1pl of 10mm 
UTP; 5 wl of 2mm bio-11-UTP (Sigma) or 1 pl of 10mm DIG-11-UTP 
(Boehringer, Mannheim, Germany); 1 pl of template DNA (0-5-2-0 pg); 
6 wl of DEPC-treated water; 1 pl RNA polymerase (20 units of T7, T3 
or SP6 may be used depending on which promoter is upstream of the 
insert). Final volume is 20 pl. Incubate at 37°C for 3-4h. Stop 
transcription by adding 11 of 20% sodium dodecyl sulphate. Set 
aside 3 pl of the reaction mix for agarose gel electrophoresis (see 
below). Removal of the DNA template is not done. The full length 
probe is used as is without size reduction by alkaline hydrolysis as 
recommended for LM applications (Angerer et al., 1987; Angerer and 
Angerer, 1989). 


6.8.4. Separation of Labelled Nucleic Acids from the 
Unincorporated Nucleotides by Exclusion Chromatography 


After a labelling reaction is complete, it is essential to remove any free 
labelled nucleotides remaining in the reaction mix. The following 
procedure works for either DNA or RNA labelling mixes and gives 
excellent separation (see Fig. 6.7). 

Slowly add 30 g of Sephadex G25 (Pharmacia, Sweden) to 250 ml of 
TE (50mm Tris-HCl, 5mm EDTA). Remember to use DEPC-treated 
water if making RNA probes. Heat to 65°C for 2 h. Decant the buffer 
and pour in 250 ml of fresh buffer. Store the swollen resin at 4°C. 

To create a column pack a disposable graduated 1 ml pipette (Sterilin, 
UK) with the swollen resin as follows. Block pipette bottom end with 
a very small piece of sterile cotton wool then fill the pipette with TE 
buffer using a syringe attached to the bottom end. Leaving the syringe 
on the end, squirt in a little resin at the top and allow it to settle onto 
the plug. Gradually introduce more resin until a packed bed of about 
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Fig. 6.7. (A) Dot blot showing separation of biotinylated probe from unincorporated 
nucleotides by exclusion chromatography fractions. An aliquot of each chromatography 
fraction is present on the nitrocellulose paper. The labelled nucleic acid is detected 
using goat anti-biotin followed by protein G conjugated to 15 nm colloidal gold. The 
dots were visible after gold labelling but have been silver enhanced to increase the 
contrast for reproduction. The positive dots (fractions 17-21) contain the labelled probe 
and were pooled and precipitated for use. (B) Electrophoresis showing separation of 
labelled probe from unincorporated nucleotides by exclusion chromatography. An 
autoradiogram of a 10% acrylamide/5M urea gel of the exclusion chromatography 
fractions from a DNA probe labelled with both biotin and ¥P by random priming is 
shown. The probe was synthesized using bio-11-dUTP and a-[**PJ]dCTP. Each lane 
contains one fraction of the exclusion chromatography. The separation of the labelled 
DNA from unincorporated nucleotides is clear. The labelled DNA is present in fractions 
17-22. The DNA varies in size due to the randomness of the primer attachment. The 
unincorporated nucleotides are visible in fractions 27-31. (C) Cerenkov counts for each 
fraction are displayed beneath the gel. The two distinct peaks representing the labelled 
DNA and unincorporated nucleotides are visible. 


20 mm has settled. Unseal the end of the pipette and allow the flow 
to continue packing the bed. Fill a small funnel (a 1 ml pipettman tip 
works well) with resin and carefully sit it on the top of the column so 
that resin gradually flows down to fill the column. Pack the column 
almost to the top then seal the end until it is to be used. 
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Add 5 pl of 2% (w/v) Dextran Blue 2000 (Pharmacia, Sweden) to the 
labelling reaction. The dye is an indicator and comigrates with nucleic 
acids in the resin. Unincorporated nucleotides migrate behind the dye. 
Mix thoroughly and take up the reaction mix with a pipettman. 

Unseal column and allow the buffer to flow out until the resin bed 
is almost exposed. (The resin bed should be just below the end of the 
column such that the labelling reaction can be squirted into the top 
of the column.) Gently squirt the labelling mix into the top of the 
column, being careful not to introduce any bubbles. Allow the blue 
colour to flow into the resin, then gently add a drop of TE buffer 
behind it. Avoid bubbles. Keep adding a head of buffer until the blue 
dye is well into the resin. Fill a small funnel with TE and gently insert 
it into the top of the column. The blue dye will gradually flow down 
the column and when it nears the bottom tip, prepare to collect 
fractions. Collect one-drop fractions in Eppendorf tubes until all the 
blue dye has emerged. The blue fractions (usually about 4-6 fractions) 
contain the nucleic acids. The unincorporated nucleotides will follow 
in later fractions (Fig. 6.7). 


6.8.5 Dot Blot of Chromatography Fractions 


To verify the chromatographic separation it is possible to make a dot 
blot and identify the fractions containing the labelled nucleic acids 
using antihapten antibody (antibiotin or antidigoxygenin) and colloidal 
gold conjugated to a secondary antibody or protein G (see Fig. 6.7A). 
This procedure also serves to test that the labelling has worked and 
that the antihapten antibody and gold markers are working. 

Cut a 1cm by 5cm piece of BA 85 nitrocellulose paper (Schleicher 
and Schuell, Germany). Take 1 wl aliquots from each fraction and spot 
them onto the paper in a series. Dry for 1h. Wet the paper in PBS. 
Block the paper in 3% gelatine in PBS for 1h. Incubate the paper in 
antihapten antibody (Sigma goat anti-biotin at 5 wg ml ', or Boehringer 
sheep anti-digoxygenin at 5 wg ml~') for 1h at room temperature on 
a shaker. Rinse paper in PBS three times. Incubate paper at room 
temperature in colloidal gold conjugated to suitable secondary antibody 
until some of the dots turn pink. These dots contain the labelled probe 
and should be the blue fractions. Homemade protein G conjugates are 
also suitable and considerably cheaper. Protein G-gold will not work 
with the sheep anti-digoxygenin Fab” fragment. 

If necessary, it is possible to intensify the gold dots using the Intense 
TM] silver enhancement system (Janssen, Belgium). Wash the paper 
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in distilled water three times. Perform silver enhancement as described 
in the manufacturer’s protocol. 


6.8.6. Gel Electrophoresis of Labelled Probe 


When preparing RNA probes it is advisable to check the transcripts 
by electrophoresis. A simple non-denaturing gel is adequate for this 
purpose. 

Make up 1 litre of TBE (0-1M Tris—borate, 2mm EDTA, 0-1M boric 
acid). Dissolve 0-5 g of agarose in 50 ml of TBE in microwave oven. 
Add 2 wl of 1% (w/v) ethidium bromide (ethidium bromide is toxic). 
Pour agarose solution into ‘mini-gel’ casting mould and insert comb 
(see Ausubel et al., 1988 for more detail). Allow gel to set before 
removing comb. Add 1pl of loading dye (0:25% (w/v) bromphenol 
blue, 40% glycerol) and 7ul of water to the 3 wl set aside from the 
transcription reaction. A useful standard is 3 pg of ‘RNA ladder’ 
9-5 — 0:24 kbp (Bethesda Research Labs/Gibco, MD, USA). Add the dye 
and water as above. Load the samples and electrophorese at 5 V cm™! 
for 1h. View the gel using UV 300 nm transilluminator (see Fig. 6.8 
for an example). 

The apparent molecular weight of the labelled transcripts will not 
be correct due to the non-denaturing conditions and the incorporation 
of hapten moieties. An approximate estimate of the yield can be made 
by comparing the fluorescent intensity of the transcript band with 
that of one of the bands in the RNA ladder standard (see Fig. 6.8). It 
is also possible (but not optimal) to run a gel using a portion of the 
probe after it has been precipitated and resuspended in hybridization 
buffer (see below). Transcripts will only be visible if the reaction has 
been very efficient. If no transcripts are visible, there may still be 
enough probe to work with. Do a dot blot of the blue fractions to 
check that some RNA has been made. Resuspend the precipitated 
probe in a minimal volume (see below). 


6.8.7. Precipitation of Probe 


Once the fractions containing the probe have been checked it is 
necessary to precipitate the probe from the pooled fractions and 
resuspend it in hybridization buffer. This protocol works for either 
DNA or RNA probes. 

Estimate the volume of the pooled fractions (usually around 
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Fig. 6.8. Simple agarose electrophoresis (1% agarose/ethidium bromide staining) of in 
vitro transcription reaction product. Lane A shows 5 yl of the transcription reaction. 
The biotinylated RNA probe and the DNA template from which the probe was 
transcribed are both visible. Lane B show 3 pg of the RNA ladder molecular weight 
markers with sizes in kbp. The labelled RNA band is about five times brighter than 
the 1.4 kbp band in the standards. Each band in the standards is roughly 1/6 of the 
total 3 pg loaded so the labelled RNA in lane A shows about 2:5 ug. A quarter of the 
transcription reaction was loaded in lane A. The remainder (ca. 7:5 ug) was resuspended 
in 1000 wl of hybridization buffer. 


200-300 pl). Add 1/10th volume of 4m LiCl (3m NaOAc for DNA 
probes). Add 2.5 volumes of ethanol. (When precipitating random 
primed DNA probes, add 1 ul of E. coli transfer RNA [Sigma Chemical 
Co., MO, USA] solution [40 pg ml~' in water; store frozen]. This acts 
as a carrier to facilitate precipitation of the small quantity of DNA.) 
Stand in freezer for at least 1h. Spin in microfuge at 4°C for 15 min. 
Pour off supernatant and stand tube upside-down to drain for 15 min. 
Resuspend the pellet in 10-1000 pl hybridization buffer. The probe 
should be used at an approximate concentration of 2-10 pg ml-?. The 
amount of probe produced by in vitro transcriptions varies. If the gel 
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shows a high yield such as is shown in Fig. 6.8, then the probe can 
be resuspended in 1000 yl. It is best to resuspend in a small volume 
and label several grids with a dilution series to establish the 
probe concentration that produces the maximum signal-to-noise ratio. 
Remember, excess probe will increase the non-specific hybridization 
and create noise. Store probe at —20°C or use immediately. 

The blue dextran dye will precipitate with the nucleic acids and 
remains in the probe when resuspended. 

Hybridization buffer = 50mm piperazine ethane sulphonic acid (pH 
7-2), 015M NaCl, 5mm Nap-ethylenediaminetetraacetic acid (EDTA), 
100 ug ml~* powdered herring sperm DNA (Type D-3159, Sigma, MO, 
USA), 0:1% Ficoll 400 (Pharmacia, Sweden), 0:1% polyvinyl pyrolidine 
40, 01% BSA, 50% deionized formamide. Small aliquots (1 ml) of 
buffer should be stored frozen at —20°C. 


6.8.8. Hybridization and Probe Detection 


Prior to hybridization, digest sections with Proteinase K (Boehringer, 
Mannheim, Germany: 1 ug ml~* in 50mm EDTA, 100mm Tris-HCl pH 
8-0) for 15 min at 20°C. When using double-stranded probes, it is 
necessary to denature the probe by heating to at least 95°C for 4 min 
just prior to hybridization. 

Dispense 3 ul aliquots of probe into a sterile 4cm polycarbonate 
Petri dish. Place grids on probe droplets (use pioloform-coated gold 
or nickel grids as formamide corrodes copper). Put Petri dish into a 
small sealable container. Put about 0:25 ml of hybridization buffer in 
a small cap and put this in the small sealable container. Seal the 
container with autoclave tape (it is essential that the seal is vapour- 
tight, autoclave tape is superior to laboratory film at high temperatures). 
Hybridize at selected temperature for at least 2 h. After hybridization, 
dip the grids in 4x SSC (standard saline citrate = 015M sodium 
chloride, 0:015m sodium citrate, sodium phosphate buffer pH 7:0), then 
2x SSC, then incubate in a droplet of 1x SSC in the vapour-tight 
chamber at hybridization temperature for 2 h. 

Digestion with RNase after hybridization, as is recommended for 
LM (Angerer and Angerer, 1989), reduces the signal when using this 
system and is not recommended. 

Transfer the grids to a drop of SC buffer (50mm PIPES, 05M NaCl, 
0.5% Tween 20). Block grids in 1% BSA (bovine serum albumin, Sigma 
Chemical Co., MI, USA, type A-7030) in SC buffer. Incubate in anti- 
hapten antibody in SC buffer with 1% BSA for 30 min at room 
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temperature (rabbit anti-biotin from Enzo Biochemicals Inc., NY, USA 
at 5 pg ml~’; or goat anti-biotin from Sigma Chemical Co., MI, USA 
at 5 pg ml~!; or sheep anti-digoxygenin from Boehringer, Mannheim, 
Germany at 5yg ml”’). Rinse with SC buffer from squirt bottle. 
Incubate in secondary antibody conjugated to gold marker for 30 min 
at room temperature (goat anti-rabbit/15 nm or 5 nm or protein A-gold 
from Jannsen Life Sciences Products, Olen, Belgium; or goat anti- 
rabbit/10 nm from Sigma Chemical Co; or rabbit anti-sheep/15 nm 
from EY Labs, CA, USA; or protein G conjugated to colloidal gold). 
Wash in SC. Wash in distilled water. Dry. Stain with uranyl acetate 
and lead citrate if required. 


6.8.9. Double Labelling 


Label one probe with digoxygenin and the other with biotin. Verify 
that each probe and marker system satisfactorily localize their targets 
when used separately. 

Combine equal quantities of the two probes (remember to account 
for the twofold dilution). Hybridize for 90 min. Wash in SSC for 90 
min. Detect with sheep anti-digoxygenin. Mark with rabbit anti- 
sheep/15 nm gold. Block protein A binding sites on Fc portion of 
rabbit anti-sheep with unconjugated protein A (36 ug ml7! in SC). 
Detect biotinylated probe with rabbit anti-biotin. Mark with protein 
A-gold/10 nm. 
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7.1. WHY FREEZE PLANT CELLS? 


Immobilization and preservation of living cells by chemical treatment 
(fixation) is fraught with problems of artifacts (see Chapter 1). In 
particular, cellular components may be moved from their in vivo 
position, or completely extracted; the chemical nature of molecules 
may be changed so that cytochemical and microanalytical techniques 
cannot be applied; and rapid events may not be halted with sufficient 
speed to allow them to be studied meaningfully by subsequent electron 
microscopy. For reasons such as these, the attraction of preserving the 
native structure of cells by rapidly freezing them has been apparent 
for a long time. However, freezing is by no means a panacea for all 
problems of preparation for electron microscopy; it has a catalogue of 
difficulties of its own. Nevertheless, it can overcome some of the 
problems arising from chemical fixation and, therefore, provides an 
indispensable complementary method of preparation for electron 
microscopy. 

Over the past few years much has been written concerning low- 
temperature preparation methods in general although there has been 
rather less, in proportion, devoted to the study of higher plants. This 
chapter is mainly concerned with the freezing of higher plant material 
and different methods of subsequent low-temperature processing prior 
to examination in an electron microscope. Lower plants are only 
considered to the extent that useful methods, capable of wider 
exploitation, may have been developed using them as the experimental 
material. Low-temperature microscopy per se is not considered here; 
Chapter 8 deals specifically with low-temperature scanning electron 
microscopy. 

The subject of ice crystal formation in biological cells and tissues 
has been well-discussed in a number of reviews (e.g. Robards and 
Sleytr, 1985; Bald, 1987; Steinbrecht and Zierold, 1987; Elder, 1989). 
For the purposes of the present work it is sufficient to observe that 
ice crystals are formed as the temperature of the specimen is reduced 
below 273K and that the rate of crystal growth, and therefore the 
ultimate ice crystal size, is strongly correlated with the rate of heat 
extraction. Freezing methods thus attempt to remove the heat of a 
specimen as quickly as possible in order to keep ice crystals to a 
sufficiently small size (< 10nm) so that they do not obscure cell 
ultrastructure or interfere with analytical or cytochemical methods. If 
the specimen is so small that it only measures a few micrometres 
across at least one dimension, then it may be possibly to vitrify the 
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water: that is, to solidify it without going through a phase transition 
and, therefore, without forming damaging crystals (e.g. Dubochet et 
al., 1982, 1987, 1988). This is not a realistic option for most microscopists 
working with higher plants and will not be considered further here. 
A recent detailed treatment of the thermodynamics of the cryofixation 
process, with many worked examples relating to plant material, has 
recently been produced for the non-specialist by Bald (1987). A 
computer program, utilizing the thermodynamic equations of Bald 
(1987) to predict the cooling rates achievable and the consequent 
dimensions of ice crystal artifacts, for specified parameters of specimen 
size, coolant temperature and composition and, in the case of liquid 
quenchants, the rate of entry, depth of plunge and type of specimen 
mount, is now available from the Institute for Applied Biology, 
University of York, UK. 

Angell and Choi (1986) provided an elegant analysis of the 
thermodynamics of freezing liquids which has been well-discussed by 
Elder (1989). Summarizing the important interrelationships between 
time, temperature and (phase) transformation (TTT) curves, it becomes 
more clear that a necessary objective in rapid-freezing methods is to 
avoid the so-called ‘nose’ of the escape time(s) (tout) vs. temperature 
curves. There are three main practical ways of achieving this: (1) ultra- 
rapid cooling; (2) cryoprotection; (3) hyperbaric freezing. Following 
from the work of Angell and Choi (1986) it also becomes more obvious 
why the very size of the specimen often precludes the possibility of 
obtaining very small ice crystals throughout the whole preparation. It 
is then necessary to decide whether to accept a degree of ice damage 
or whether it is necessary to use a cryoprotectant to minimize crystal 
size. 

Recent reviews, including those referred to above (Robards and 
Sleytr, 1985; Bald, 1987; Steinbrecht and Zierold, 1987; Elder, 1989), 
contain substantial information concerning low-temperature tech- 
niques for electron microscopy although much of it is not directly 
applicable to higher plants. In particular, many of the methods 
referred to here inevitably draw on those described in detail in the 
comprehensive work Low Temperature Methods in Biological Electron 
Microscopy by Robards and Sleytr (1985) (ed. A.M. Glauert). This 
present review concentrates on what is practically possible, and has 
been practically achieved, rather than on techniques which, while 
theoretically applicable to higher plant cells, have not shown their 
virtues in practice. For this reason, little has been said of cryo- 
ultramicrotomy of higher plant cells; and low-temperature embedding 
methods, while holding out much promise, have as yet yielded little 
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information of scientific worth in their application to intact tissues of 
higher plants. On the other hand, low-temperature scanning electron 
microscopy has established itself as a major tool in its own right and 
is dealt with separately in Chapter 8. 


7.2. TREATMENTS PRIOR TO FREEZING 


Higher plants pose a number of special problems when low-temperature 
methods are used. For example, thick cell walls hinder rapid freezing 
and frozen cells can be extremely difficult to process through subsequent 
stages of cryosectioning, freeze-substitution or freeze-fracturing. More- 
over, it is virtually impossible to freeze the large ‘watery’ vacuoles 
that are present in many plant cells so that small ice crystals result. In 
fact, rather few higher plant tissues can be successfully frozen without 
using cryoprotectants (e.g. Fineran, 1978; Kaeser et al., 1989; but see 
Section 7.3.5 below) and those that can often have a low water content, 
such as in dormant spores (Schultz et al., 1973), seeds, or naturally 
cold-hardened tissues (e.g. pine-needles, Leonard and Sterling, 1972). 
Nevertheless, there are also many other examples of specimens that 
have been frozen in their native state, such as: phloem (Johnson, 1973, 
1978), cellulose fibrils (Cox and Juniper, 1973; Willison, 1975), tracheids 
(Puritch and Johnson, 1973), water-conducting cells of moss (Hebant 
and Johnson, 1976), roots (Robards et al., 1980, 1981; Robards and 
Clarkson, 1984), glands (Robards and Stark, 1988) and germinated and 
ungerminated cereal grains (Buttrose, 1971, 1973; Swift and Buttrose, 
1972, 1973; Barlow et al., 1973). 


7.2.1. Sampling Methods 


The ideal sampling method is to freeze the tissue while still a part of 
the intact, living plant. For example, it is possible to freeze intact root 
tips or pieces of leaf in this way. However, even the best freezing 
methods (with the exception of hyperbaric freezing) give little more 
than 10-20 um depth of ‘good’ freezing. This leads to a compromise 
having to be made between the necessity to excise a piece of tissue 
that is small enough to freeze well and the inevitable mechanical, and 
other, damage that will be done to cells by the sampling process. It is 
a salutary thought that the well-frozen zone rarely extends beyond 
much more than a single cell in uncryoprotected tissue. As soon as 
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tissue is removed from the plant, a wide range of detrimental changes 
occurs. This can include dehydration which, through reduced water 
content, can lead to apparently improved freezing although the benefit 
is illusory. It is sometimes possible to dissect out a part of the plant 
and to freeze it while still attached. This has been done, for example, 
with strands of phloem tissue (Johnson, 1973, 1978). 

If it is not possible to obtain satisfactory freezing of the untreated 
plant tissue for the purposes of the structural, analytical or cytochemical 
work to follow, then the solution is likely to be found in the use of a 
cryoprotective. A range of different chemicals and modes of application 
has been explored, some of which are described here. 


7.2.2. Cryoprotection 


It is important in any study, and no less in low-temperature techniques, 
to consider carefully what information is required from the specimen 
prior to finalizing the experimental methods. For example, many 
freeze-fracture studies on plant cells are concerned with the nature of 
the plasmalemma. The effects of glutaraldehyde and glycerol on 
intramembrane particle (IMP) appearance and distribution are now 
very well-documented (see reviews by Willison and Brown, 1979 and 
Sleytr and Robards, 1982; also Fineran, 1972, 1978; Parish, 1975; 
Willison, 1975; Niedermeyer and Moor, 1976; Hasty and Hay, 1977; 
Arancia et al., 1979; Hay and Hasty, 1979) and, therefore, these 
chemicals are best avoided; indeed, even the rate of cooling has been 
shown to influence IMP distribution (Lefort-Tran et al., 1978) and other 
authors have increasingly pointed to artifacts induced by the freezing 
process itself (e.g. Fujikawa, 1987, who noted artifactual IMP aggre- 
gation in the membranes of a number of different species of mushroom). 
McKerracher and Heath (1985) showed that more microtubules were 
preserved in hyphal tips of Basidiobolus by freeze-substitution than 
after conventional fixation, while Indi et al. (1986) have also studied 
the effects of glycerol and freezing on the appearance and arrangement 
of microtubules. They observed the ovaries and the sperm tails of 
Notonecta glauca and the hyphae of the fungus Phanerochaete velutina 
following preparation by freezing and freeze-substitution. They noted 
that glycerol causes a rearrangement of the microtubules in proportion 
to the concentration and duration of exposure. Rates of cooling were 
also noted to have effects on the rearrangements of microtubules. Bray 
and Nakamura (1986) demonstrated large numbers of rectangular 
‘plaques’ on the external face of the plasmalemma of unfixed, 
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freeze-fractured Chlamydomonas eugametos cells. These plaques were 
transferred to the protoplasmic face after brief fixation in glutaraldehyde 
but prolonged fixation appeared to cause the plaques to revert to their 
original position in the membrane. In my own laboratory we have 
noticed that the cytoplasmic matrix immediately adjacent to the 
plasmalemma sometimes has ice crystals that are smaller than those 
deeper within the cell. This may be attributable to the presence of 
hydrophilic polymers in the adjacent cell wall, that behave in a similar 
fashion to non-penetrating cryoprotectants such as hydroxyethy] starch 
or polyvinylpyrrolidone. At all events, it means that it is often perfectly 
possible to freeze uncryoprotected tissues for freeze-fracture studies 
of the plasmalemma without the magnitude of artifact production 
found deeper within the same cell. 

It may be decided, for whatever reason, that there is no alternative 
but to cryoprotect tissues prior to freezing. This, in turn, produces 
further problems because it may be necessary to fix cells (e.g. with 
glutaraldehyde) to make them permeable to the glycerol. The catalogue 
of artifacts arising from fixation and/or glycerol treatment is substantial 
and growing (e.g. Sleytr and Robards, 1982; Robards and Sleytr, 1985 
and other references cited above; Willison and Brown, 1979). For some 
investigations this might not matter while for others it can be of 
critical importance. It has been calculated, for example, by Johnson 
(1978) that even the most rapid cryofixation may not be sufficiently 
fast to immobilize the contents of sieve elements precisely in their in 
vivo positions. 

Fineran and Condon (1988) used freeze-fixation to overcome the 
problems of high turgor pressure in the laticifers found in various 
members of the Convolvulaceae. Mollenhauer et al. (1988) used a 
number of preliminary fixation treatments in experiments aimed at 
determining the true degree of swelling of Golgi apparatus cisternae 
following monensin treatment. Chemical treatments were compared 
with freeze-substitution and it was concluded that the most accurate 
results were obtained after either glutaraldehyde/osmium tetroxide 
fixation or after freeze-substitution. 

The major classes of cryoprotectants used are the penetrating (e.g. 
glycerol) and non-penetrating (e.g. polyvinylpyrrolidone). In general, 
plant cells are relatively impermeable to glycerol (Richter, 1968a,b; 
Rottenberg and Richter, 1969) and, therefore, must be fixed before 
treatment. The non-penetrating cryoprotectants (Echlin et al., 1977; 
Franks et al., 1977; Skaer et al., 1977, 1978; Skaer, 1982) have not proved 
particularly useful in my laboratory for the study of roots or other 
highly vacuolated cells (see Wilson and Robards, 1980, 1981). This is 
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a pity, because it would be extremely useful if the potential virtues of 
these polymers could be exploited as a means of avoiding many of 
the cryoprotection difficulties referred to above. 

A number of authors have attempted to condition plants to growing 
on a 20-25% solution of glycerol (e.g. Moor, 1964; Branton and Moor, 
1964; Northcote and Lewis, 1968; Hereward and Northcote, 1973; 
Fineran, 1978; see Robards and Sleytr, 1985, pp. 83-6). For example, 
Allium cepa bulbs have been placed with their bases in contact with 
20% glycerol in tap water and grown in the dark at 25°C for 4 days. 
From 0-5-1:0 cm-long roots, 200 m-thick x 1mm-long longitudinal 
sections were cut out for freezing (Moor, 1964; Branton and Moor, 
1964). Similar studies on root tips of specimens grown in contact with 
glycerol have been reported by Northcote and Lewis (1968) and 
Hereward and Northcote (1973). They used germinated seeds of pea 
grown for 1-10 days on cotton wool soaked with 25% glycerol. Fineran 
(1978) examined roots of Avena sativa, Triticum vulgare and Zea mays. 
Seeds were first germinated on moistened filter paper until the radicle 
emerged from the coleorhiza, at which stage they were placed on filter 
paper impregnated with 20% glycerol. Aeration is important, because 
roots immersed in glycerol often degenerate. To achieve optimal 
aeration, seeds were placed on top of narrow tubes of filter paper 
soaked in glycerol solution (Fineran, 1978). Sprouted seeds were 
incubated in 20% glycerol for 5-7 days, or for 3 days followed by 25% 
glycerol for about a further 3 days (Fineran, 1970a, 1972, 1975). Root 
tips grown in contact with glycerol for 7 days show an essentially 
similar structure of their organelles, as compared with control roots, 
when examined by freeze-fracture replication or thin-sectioning 
methods (Fineran, 1970b). This does not hold for all plant material 
grown or incubated in glycerol solutions. Because glycerol is osmotically 
active, when unfixed plant tissues are placed in osmotically unbalanced 
solutions they often suffer irreversible plasmolysis; the ability of 
plants to metabolize glycerol is species-dependent. Even when cells 
deplasmolyse, serious changes in organelle morphology and membrane 
structure can occur (Moor and Hoechli, 1970; Moor, 1971). Controlled, 
slow infiltration with increasing concentrations of glycerol can prevent 
irreversible plasmolytic effects (Richter, 1968a,b) and simple electronic 
apparatus for the slow admixture of glycerol has been described by 
Rottenberg and Richter (1969). Infiltration of unfixed pieces of tissue 
with cryoprotectant has been reported for leaf tissue (Hall, 1967; 
Pyliotis ef al., 1975), collenchyma strands (Chafe and Wardrop, 1970; 
Hereward and Northcote, 1973) and lichen (Ellis and Brown, 1972). 
The method of choice strongly depends on the type of tissue and, 
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consequently, many different methods of pretreatment involving 
different cryoprotectants, concentrations and infiltration procedures 
have been used (Fineran, 1978). 

Dimethyl sulphoxide (DMSO) is less suitable than glycerol as a 
cryoprotective agent for most living plant tissues or isolated cells 
although it has been used successfully by some authors (e.g. Abeysekera 
et al. (1990) in a freeze-fracture study of root nodules of Alnus incana). 
However, it may serve as a useful comparative cryoprotectant. It is 
often toxic at the concentrations needed to give adequate cryoprotection 
and it can also introduce specific artifacts (Pyliotis et al., 1975). Whether 
either glycerol or DMSO is used depends very much on the nature of 
the information required from the particular experiment. If it is not 
possible to infiltrate glycerol or DMSO into living cells without damage, 
then it may be necessary to contemplate the need to fix the cells prior 
to treatment with the cryoprotectant. Indeed, a large proportion of the 
plant material prepared for electron microscopy by freezing has been 
subjected to preliminary fixation and cryoprotection with all the 
attendant problems of artifacts that this creates. Glutaraldehyde is the 
most suitable fixative: it increases the permeability of the plasmalemma 
and stabilizes cell structure. A detailed description of the problems 
involved in processing botanical material for freeze-fracture replication 
procedures has been given by Fineran (1978) who also discusses other 
structural changes introduced by glutaraldehyde fixation (such as the 
shrinkage of cell organelles). For some membranes, it has been shown 
that the general morphology is better preserved in glutaraldehyde- 
fixed tissue than in material grown or incubated in glycerol (Fineran, 
1978). 

Different freezing methods, both with and without cryoprotectants, 
should be used when setting out to study a new experimental system. 
The results can then be compared and the investigator can decide 
which method is best in relation to its technical complexity. For 
example, in a study of the distribution of IMPs in freeze-fracture 
replicas of root cell membranes, both treated and untreated material 
was used (Robards et al., 1980, 1981). While glycerol treatment had 
little effect on the measured parameters, PVP-treated tissue gave 
slightly higher IMP frequencies which could be attributed to the 
shrinkage of cells, and hence possible reduction in membrane area, 
caused by this cryoprotectant (Table 7.1). Therefore, although it could 
be concluded that fixation and cryoprotection were not contra-indicated 
for this work, chemically untreated material was subsequently used 
for the rest of the study in the belief that the results would be more 
reliable. 
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Table 7.1. Particle frequencies on plasmalemma fracture faces from endodermal and cortical 
cells of Zea mays. 


Fracture face Cell type Cryoprotection treatment 
Untreated PVP Glycerol 
P-face Endodermis 2500 + 110 2985 + 145 2805 + 200 
Cortex 1140 + 65 1690 + 142 1105 + 130 
E-face Endodermis 1295 + 25 1450 + 30 1240 + 95 
Cortex 350 + 20 655 + 85 415+ 10 


Glutaraldehyde is generally used as a fixative in concentrations of 
02-6% in buffered solutions of appropriate ionic strength and 
osmolarity over several hours. Alternatively Fineran (1978) suggested 
that the fixative can be made up in glycerol solution, which allows 
simultaneous fixation and infiltration with no marked differences in 
the quality of preservation of root tip cells between material fixed 
before glycerination and material that had been fixed and glycerinated 
simultaneously. Glutaraldehyde fixation prior to infiltration with 
glycerol has been used for a variety of botanical materials such as 
seeds (Barlow et al., 1973; Swift and Buttrose, 1973), thick-walled tissue 
(Robards and Parish, 1971), differentiating shoot cambium (Parish, 
1974), isolated protoplasts (Willison and Cocking, 1975), infected 
tissue (Aist, 1974), and tissue cultures (Sjölund and Smith, 1974). 
Glutaraldehyde can be used successfully in concentrations as low as 
0-2% (Sjölund and Smith, 1974). Fixed specimens are usually infiltrated 
with 20-25% glycerol but in some procedures up to 50% glycerol has 
been used (Steere, 1971). 

In practice, the lowest concentration of glycerol capable of providing 
adequate cryoprotection should be used. To avoid the build-up of 
concentration gradients around specimens and to increase the rate of 
penetration until equilibrium is reached, samples should be agitated 
in the medium (e.g. by using a rotating tumbler). No general rule can 
be given about the optimal size of a sample for fixation and infiltration 
since this will depend strongly on the kind of tissue and the minimal 
size to which it can be trimmed without mechanical damage. The 
sample should not normally exceed a thickness of more than 2-3 mm 
in at least one direction and should preferably be much less than this. 
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7.3. FREEZING METHODS 


As already seen, for most ultrastructural work, freezing needs to be 
fast so that there is minimum time for ice crystal growth. The presence 
of a cryoprotectant effectively reduces the actual cooling rate required 
to produce a specimen containing small ice crystals. Most specimens 
larger than about 0-1 mm in all dimensions will need cryoprotection 
if small ice crystals are to be produced. There are various methods for 
quick-freezing biological specimens: plunging into a liquid cryogen; 
spraying into a liquid cryogen; jetting a liquid cryogen against the 
specimen; or slamming the specimen against a cold, metal surface 
(Fig. 7.1). The relative merits of these methods are not for discussion 
in detail here. They can all produce well-frozen specimens and the 
choice of technique lies as much with the nature of the specimen, and 
the information that is required from it, as with the virtue of any 
particular method. However, there are two fundamental and common 
requirements: the specimens should be frozen as rapidly as possible; 
and they should be frozen under controlled, reproducible conditions. 

The freezing process is crucial to the success of any low-temperature 
method in microscopy. Substantial progress has been made in both 
the theoretical understanding and practical achievement of rapid 
freezing in isolated cells, monolayers and very thin tissue slices. 
Unfortunately, however, substantially large (>0-1mm in all 
dimensions) plant specimens still pose formidable problems. This 
article concerns itself mainly with the application of low-temperature 
techniques to tissues rather than to isolated cells and monolayers. The 
depth of ‘good’ freezing in uncryoprotected specimens is rarely greater 
than 15-20 um, which means that only the outermost cell layer or so 
is likely to be ideally preserved. This is so whatever method of cooling 
is used, whether rapid plunging, propane jet cooling, or cold block 
freezing (Elder et al., 1982). The situation is much more favourable for 
very small specimens, especially if in suspension, when spray freezing 
or ‘sandwich freezing’ between propane jets can be used. For these 
reasons, and as described above, it has commonly been the practice 
to cryoprotect plant tissues, usually by infiltration with glycerol. 

The question may be asked as to which is the best cooling method 
for tissue pieces. Plunging into a liquid cryogen, spraying with a jet 
of cold propane and freezing on the surface of a cold metal block have 
all been used. Unless there are special reasons to the contrary, the 
simplicity and low cost of plunging methods recommend them for use 
in most circumstances. However, it is most important that the 
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conditions of freezing are optimized. This subject has been reviewed 
fully elsewhere (e.g. Costello, 1980; Elder et al., 1982; Robards and 
Crosby, 1983; Robards and Sleytr, 1985; Sitte et al., 1987a) and will not 
be explored further here except to note that propane or ethane are 
currently the preferred cryogens; they should be used at their lowest 
possible liquid temperature; and the specimen should be inserted 
rapidly (> 1:0 ms7'). Despite using such a method, the bulk of the 
tissue will still contain large ice crystals. This may not matter too much 
(e.g. freeze-fracture study of the plasmalemma - see below); or it 
may totally preclude obtaining the desired information (e.g. freeze- 
substitution studies of cell ultrastructure). It is probably always best 
at least to attempt some studies on uncryoprotected material even if, 
ultimately, cryoprotectants have to be used. 

However the specimen is pretreated, it should be as small as the 
constraints of excision/sampling allow and should be frozen with the 
smallest possible delay after removal from the plant. 


7.3.1. Plunging Methods 


The simplest method of freezing a biological specimen is to plunge it 
into a liquid cryogen and there have been many papers advocating 
the freezing of specimens by picking them up with a pair of fine 
forceps (on suitable holder, if necessary) and thrusting them into a 
coolant bath such as sub-cooled (‘slushy’) nitrogen at —210°C (Umrath, 
1974), a halocarbon (‘Freon’ or ’Arcton’ 12 or 22) at about —150°C, or 
liquid propane at —185°C. Apart from sub-cooled nitrogen itself, the 
other cryogens are cooled using liquid nitrogen as the primary coolant. 
This method has now been well-investigated both theoretically and 
experimentally (Costello and Corless, 1978; Costello et al., 1984; Robards 
and Sleytr, 1985; Bald, 1987; Ryan et al., 1987, 1990; Elder, 1989). 
Assuming that the specimen can, at least theoretically, be frozen in a 
manner that is compatible with the results required from the experiment, 
then the different elements of the freezing process all need to be 
optimized. The following aspects are among the most important: 


the cryogen used, 

physical state of the cryogen, 
temperature of the cryogen, 

size, shape and nature of the specimen, 
method of holding the specimen, and 
plunge velocity and depth. 
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Of the organic cryogens, liquid ethane appears to give the most 
rapid cooling rates (Ryan et al., 1987, 1990). However, it is expensive 
and hazardous. Propane gives slightly lower rates and is less expensive 
but it must be emphasized that propane is potentially highly hazardous 
(inflammable and explosive when mixed with oxygen) and that 
stringent safety precautions must be employed in its use (Robards and 
Sleytr, 1985, pp. 507-12; see also Ryan and Liddicoat, 1987; Sitte et al., 
1987b). 

The conditions for optimizing the cooling efficiency of such 
cryogens mean that they must be at their lowest liquid temperature, 
that the depth of cryogen should be large and that the whole cryogen 
pool should be well-stirred so that it is at the same temperature. In 
rapid plunging, the design of the cryogen bath is often given scant 
consideration but it is a matter of considerable importance. A novel 
design that overcomes many of the previous problems is illustrated 
in Fig. 7.2. This device has been described by Murray et al. (1989) 
and has the advantages that the cryogen temperature is maintained 
constant within less than 1:0K, with the whole cryogen pool at 
essentially the same temperature. Results show extreme reproduc- 
ibility in cooling rates and a high quality of ultrastructural 
preservation. This bath has been designed to be used with liquid 
cryogens such as the Freons, propane or ethane where, as in other 
experiments, cooling efficiency is such that ethane>propane>Freons. 
However the cryogen is produced, the mechanism of insertion of 
the specimen is a matter of some importance. Manual methods are 
not particularly fast and are certainly inconsistent. A number 
of different spring-loaded, pneumatic or electric solenoid-driven 
insertion mechanisms have been described (Robards and Sleytr, 
1985; Fig. 7.3). 

Lancelle ef al. (1986) described an apparatus (Fig. 7.4) that permits 
rapid freezing of whole cells prior to freeze-substitution and embed- 
ding. Their device utilized a rotary solenoid that rapidly plunges the 
specimen holder, a formvar-covered thin wire loop, into a well of 
stirred propane at ~180°C. The rotary solenoid allows for an adjustable, 
repeatable insertion rate. Using this device the authors were able to 
freeze satisfactorily and consistently such different types of cell as 
stamen hairs and moss spores. (Subsequent processing was by 
freeze-substitution in 2% osmium tetroxide in acetone at 80°C for 
approximately 40h and en bloc staining in either 01% hafnium 
tetrachloride or 05% uranyl acetate in acetone.) 

While the organic cryogens appear to provide the highest cooling 
rates, few workers have experimented with different physical states of 
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Fig. 7.2. Plunge-freezing bath described by Murray et al. (1989). Vertical flow of the 
cryogen in the central cylinder is generated by an impeller driven by a magnetic stirrer. 
This maintains the temperature of the cryogen to <<1-0K variation. The boiling-off 
nitrogen is passed through a simple heat exchanger and then recirculated into the 
chamber above the cryogen. This serves two main purposes: first, to provide an inert 
layer of gas above the cryogen container; secondly, to ensure that there is a sharp 
temperature interface between the ambient atmosphere and the cryogen, thus precluding 
pre-cooling of the specimen. (See Murray et al., 1989 for further details.) 


cryogens, although the use of sub-cooled liquid nitrogen is now 
widespread where intermediate rates are acceptable. It is often adequate 
to produce sub-cooled nitrogen simply by subjecting liquid nitrogen, 
in a well-insulated container, to vacuum from a rotary pump via a 
reasonably wide (~ 25 mm) pumping line. However, Bald (1984) has 
suggested the use of supercritical nitrogen as an ideal coolant. The 
thermophysical properties of nitrogen above its critical point are highly 
advantageous from a heat transfer point of view. This has led to the 
construction and evaluation of a supercritical nitrogen cooling device 
that is commercially available (Robards and Bald, 1986). Among the 
advantages of using supercritical nitrogen, apart from the high cooling 
rates, is the fact that only a single cryogen is used and that it is 
relatively safe as compared with ethane and propane. Further, the 
ozone-depleting effects of the Freons must now seriously inhibit their 
use as cryogens. In many respects, therefore, supercritical nitrogen 
warrants further attention to optimize its use as a cryogen for ultrarapid 
freezing. 
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Fig. 7.3. Schematic illustration of the Murray et al. (1989) device together with a simple 


plunging mechanism (Robards and Crosby, 1983). 


7.3.2. Cold Blocks 


Heat transfer across a solid metal interface is far superior to that from 
a specimen into a liquid. Thus, in theory, freezing by thrusting a 
specimen against a very cold copper (or other high thermal conductivity) 
block should confer great benefits. In practice, the magnitude of the 
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Fig. 7.4. Freezing method described by Lancelle et al. (1986) This shows an alternative 
plunging method to the one illustrated in Fig. 7.3. This system provides a 25 mm depth 
of plunge at an entry velocity of around 4-0 m s`! 


improvement has been less than theory might predict but, none-the- 
less, some impressive applications have been demonstrated, including 
in plants (e.g. Dempsey and Bullivant, 1976a,b). Cold blocks introduce 
us to a new dimension in the use of low temperatures because, for 
metals, heat transfer characteristics improve dramatically with falling 
temperature. Thus it is generally preferable, for obtaining the fastest 
possible cooling rates, to use such cold blocks closer to the temperature 
of liquid helium than of liquid nitrogen. The work of Bald (1983, see 
also 1987) suggests that the optimum temperature for rapid cooling on 
a cold copper block is 19K. 

Before deciding to use a relatively complicated and expensive 
method, such as cold block cooling, it is necessary to weigh the 
advantages and disadvantages against other methods, such as rapid 
plunging. High cooling velocities can undoubtedly be obtained but, 
as in all other cooling methods, the benefit will only be apparent 
within the first 10-20 um depth from the surface of hydrated biological 
specimens. In addition, heat is only extracted from one side and all 
the heat of the specimen (and its support) must move across this 
single boundary. For ideal cooling, it is essential that the wet, 
deformable specimen is brought extremely rapidly into very good, 


7. Rapid-Freezing Methods 273 


close contact with the surface of the cold block. This inevitably means 
that some degree of surface deformation is induced. The fact that the 
rapidly cooled surface is essentially flat can be useful if the frozen 
specimen is to be sectioned on a cryo-ultramicrotome because it is 
then possible to cut sections within the plane of the well-frozen layer, 
a technique put to good use by a number of workers. All such 
considerations must be taken into account before deciding on the 
cooling method to be used. 

The first practical use of cold block freezing was made by Eränkö 
(1954) and this was followed by the experiments of Van Harreveld and 
Crowell (1964). Van Harreveld et al. (1974) later described an improved 
version of their device which overcame some earlier difficulties such 
as exerting undue force on the specimen during the ‘slamming’ process, 
or the specimen bouncing away from the cold block thus providing 
for inconsistent and poor cooling. The problem of bounce has been 
overcome in the Heuser et al. (1979) device by using a ‘magnetic catch’ 
that locks-on and prevents the specimen assembly from retracting once 
it has hit the cold block. Alternatively, Boyne (1979) eliminated bounce 
by using a hydraulic-pneumatic damping system on his plunger (see 
also Robards and Sleytr, 1985). 

Authors subsequent to Van Harreveld and his colleagues have 
described various modifications to the original cold block apparatus. 
Some (for example, Dempsey and Bullivant, 1976a; Heath, 1984; Allison 
et al., 1987), use extremely simple methods while others (e.g. Heuser 
et al., 1976, 1979; Escaig et al., 1977 [also Escaig, 1982] and Sitte et al., 
1977) have described more technically complex approaches. 

The Dempsey and Bullivant (1976a,b) technique must certainly be 
among the simplest of cold block methods but the results demonstrated 
compare well with those achieved using more elaborate techniques. It 
is worthy of particular mention here because it was used to obtain 
some extremely useful micrographs of rapidly frozen plant cells 
including those of celery phloem, rose phloem, pea root tips, Chinese 
cabbage leaves and tobacco leaves. The specimen is simply picked up 
with tweezers and quickly pushed against the surface of a cold, 
polished copper block that has just been lifted above the surface of 
liquid nitrogen in which it has been cooled. Even with such simple 
apparatus, the benefits of the higher rate of heat transfer across the 
cold copper surface at 77K are realized. In this now classic paper, it 
was demonstrated that the depth of tissue with small ice crystals is 
limited by the properties of the specimen to about 12 um, a distance 
now known to be comparable to that obtained with liquid cryogens 
(Elder et al., 1982; see also Robards and Sleytr, 1985, p. 72). 
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Hawes and Martin (1986) have used the Escaig (1982) apparatus 
to freeze suspension-culture cells of Daucus carota L. prior to deep 
etching and rotary shadowing, providing elegant and informative 
micrographs from plant cells (Fig. 7.5). This device was originally 
described by Escaig et al. (1977) and uses a copper block cooled 
with liquid helium. In the later form of the apparatus (Escaig, 1982), 
the specimen is projected against the block by means of an 
electromagnetic solenoid and there is a shutter to protect the block 
from contamination. 


7.3.3. Spray Freezing 


If it is possible to obtain the specimen in the form of an emulsion, 
suspension or solution, then the spray-freezing technique has great 
advantages because microdroplets of 10-50 um are formed and cool 
extremely quickly when they are sprayed into liquid propane (or other 
cryogen). Suitable apparatus can be constructed in a workshop (e.g. 
Lang et al., 1976), and is also available commercially. Naturally, most 
higher plant specimens are not suitable for spray-freezing but the 
method is mentioned here because it is ideally suited to the freezing 
of cell suspensions, isolated cell fractions etc. and is an excellent 
freezing method where the nature of the specimen allows its use. 

The technique was pioneered by Bachmann, Plattner and colleagues 
(Bachmann and Schmitt, 1971; Bachmann and Schmitt-Fumian, 1973; 
Plattner et al., 1973; Plattner and Bachmann, 1982), primarily as a 
freezing method prior to freeze-fracture. 

The apparatus comprises an artist’s air brush which is used to spray 
a fine ‘mist’ of microdroplets (typically about 10 um diameter) into a 
small container of liquid propane at about 83K. The cooling rates are 
extremely high and, by modifications to the size of the atomizer orifice, 
it is possible to spray cell fractions, micro-organisms and isolated cells. 
Plattner et al. (1973) used the technique successfully to cool relatively 
large isolated cells: this was achieved by using low-pressure spraying 
and, for Paramecium or Euglena, by using a 50-um electron microscope 
aperture positioned in the mouth of the spray gun. 


7.3.4. Propane Jets 


The importance of moving the specimen relative to the cryogen has 
already been stressed. One of the reasons for doing this is to ensure 
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that the temperature of the coolant effectively remains the same during 
the whole cooling process. If this is not done, then the coolant adjacent 
to the specimen warms up and may even boil, thus producing an 
insulating gas jacket which retards heat extraction. Instead of projecting 
the specimen into the coolant it is possible to keep the specimen static 
but to squirt the coolant over it. This is the method of ‘jet-freezing’, 
first introduced by Moor et al. (1976), and subsequently described in 
greater detail by Müller et al. (1980) who used propane as the cryogen. 

The technique is really only applicable to small specimens, sand- 
wiched between two thin supporting sheets. It is therefore an ideal 
method prior to freezing-fracturing. It is important that the jets are 
triggered at precisely the right moment and operate synchronously. 
The construction of suitable apparatus is therefore relatively complex 
and not likely to be accomplished easily and quickly in most workshops 
but apparatus is commercially available. 

Pscheid et al. (1981) and Knoll et al. (1982) used a rather simpler 
propane jet than the one described above to project a single stream 
of propane against one side of a specimen while Van Venetië et al. 
(1981) made a simple modification for the Müller ef al. (1980) type 
propane jet by arranging a specimen stage that would maintain 
temperatures around the specimen up to 330K immediately prior to 
rapid cooling. 

Staehelin and Chapman (1987) employed the propane jet technique 
most effectively in freezing suspension-culture cells of Daucus carota 
(carrot) and Acer pseudoplatanus (sycamore) in a study of vesicle- 
mediated secretion. Rapid stabilization of the cells in their fully turgid 
state allowed the authors to identify new intermediate membrane 
configurations related to secretion. Subsequently, Gilkey and Staehelin 
(1989) used the same propane jet device, originally described in detail 
by Gilkey and Staehelin (1986), to freeze embryos of the brown alga, 
Pelvetia. Once again, the rapidity of freezing allowed the authors to 
demonstrate previously undiscovered transient organelles concerned 
with osmoregulation of the embryos. 

While excellent results have been achieved using propane jet 
freezing, it is probable that optimized plunging into liquid propane 
or ethane can, in practice, yield more or less equally good freezing. 
Plunging apparatus is both simpler and cheaper and it is suggested 
that those starting in the field of cryobiology experiment with such 
systems before deciding whether they really need more complicated 
and expensive apparatus. 
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7.3.5. Hyperbaric Freezing 


The advantages of supercritical nitrogen in terms of heat transfer 
capacity have been mentioned above but relatively low pressures are 
involved (33-5 bar, 3:35 x 10° Pa) which are not thought to be especially 
damaging to most living cells. However, when water is subjected to 
a much higher pressure, of about 2100 bar (2:1 x 10% Pa), its freezing 
point is lowered to about —22°C (251K). The critical cooling rate for 
vitrification is then reduced to 2 x 10*K s~? for water and to about 1 
x 10? K s~! for biological specimens. Thus, if it is possible to construct 
an apparatus that allows cells to be subjected to this high pressure 
and then rapidly cooled, a very significant improvement in freezing 
should be obtained. This principle was first elaborated in detail by 
Riehle (1968a,b), who found that it was possible to produce very small 
(5-10 nm diameter) ice crystals when freezing 5% glycerol solutions. 
The crystallization temperature fell by about 30K and the speed at 
which the ice crystals formed decreased by a factor of 10°. 

One of the major problems in the design of a suitable apparatus is 
that most biological cells are very rapidly damaged by exposure to 
such high pressures (Moor and Hoechli, 1970) and, therefore, it is 
necessary to apply the pressure for only a millisecond or so before the 
cooling process commences. Riehle (1968a,b; Riehle and Hoechli, 1973) 
described an apparatus which was subsequently modified (Moor et 
al., 1980; Muller and Moor, 1984; Craig and Staehelin, 1988) and has 
been used, among others, by Moor et al. (1980) to study the influence 
of high-pressure freezing on mammalian nerve tissue. A version of 
this apparatus is now commercially available and has been used to 
prepare plant specimens. It is interesting to note (W.B. Bald, University 
of York, personal communication) that, at the pressures used, the 
cooling liquid nitrogen will certainly be in a supercritical state, thus 
contributing at least in part to the efficiency of the cooling process 
through the improvement in surface heat transfer capacity. 

Kaeser et al. (1989), in a study of different freezing methods for 
uncryoprotected plant cells, showed that freezing of root tips of 
Sorghum or Dahlia in nitrogen slush disrupted most of the organelles; 
plunging into liquid propane preserved peripheral regions of the 
outermost cells up to a depth of about 10 um below the surface; but 
high-pressure freezing gave good preservation for up to 100 um depth 
of tissue. Welter et al. (1988) also used the high-pressure technique to 
freeze hyphae of Uromyces appendiculatus in leaf tissue. The high- 
pressure technique is not described in greater detail here because, 
although its theoretical prospects and applications are exciting and it 
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provides the only current or foreseeable possibility of producing small 
(< 10 nm diameter) ice crystals at depths of up to 0-5 mm within a 
specimen, the complex and expensive apparatus is not, as yet, widely 
available to plant scientists. Additional reviews of this technique are 
provided by Müller and Moor (1984) and Moor (1987). 


7.4, FREEZE-DRYING 


Having frozen a plant specimen, there are a number of methods that 
can be used to process it further. Indeed, the conceptually simplest 
course is to put the still-frozen specimen onto a cold stage in an 
electron microscope. This is now a well-used technique for low- 
temperature scanning electron microscopy and is examined in detail 
in Chapter 8. In the majority of cases, however, it is necessary to 
remove the frozen water by some means. One very good way of doing 
this is by freeze-drying the specimen. 

Freeze-drying for electron microscopy is a procedure for getting rid 
of water by subliming ice into water vapour, using a fixed or unfixed, 
freshly frozen specimen. With fixed specimens, water may have been 
replaced with another solvent which is itself frozen and sublimed. 

Frozen specimens can be freeze-dried for direct SEM observation; 
prior to embedding and sectioning for TEM; and frozen thin sections, 
and other types of preparation, are often freeze-dried prior to viewing 
and analysis in TEMs. There is thus a demand for suitable equipment. 
Freeze-drying of frozen-hydrated sections usually takes place quickly 
and easily, because the sections are so thin, on a small cold stage in 
the dry nitrogen atmosphere of a cryo-ultramicrotome. Larger frozen 
specimens need rather more care. The requirements are that the partial 
pressure of water vapour surrounding the specimen should be lower 
than the saturation vapour pressure of water over the specimen at the 
operative temperature. Assuming that the removal of water vapour is 
sufficiently fast (i.e. not rate limiting), then the freeze-drying rate is 
proportional to the temperature of the specimen. The optimum 
conditions for freeze-drying are usually achieved by a combination of 
vacuum, cold trapping and chemical trapping of water (e.g. molecular 
sieve or phosphorus pentoxide). Some very simple equipment has 
been described that can easily be constructed in a workshop. 
Commercial equipment is also available. This usually comprises a 
temperature-controlled platform within a vacuum chamber. The main 
practical problem is usually that of ensuring that the specimen is in 
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good thermal contact with the platform, otherwise it is impossible to 
know the actual temperature of the specimen and, hence, to control 
or monitor the rate of freeze-drying. Recent publications have improved 
our understanding of the requirements for optimizing freeze-drying 
and there is considerable room for improvement in commercially 
available apparatus to facilitate better control and reproducibility. The 
theory of freeze-drying is now well-understood and documented 
(Umrath, 1983; Robards and Sleytr, 1985) and it should, therefore, be 
possible both to construct apparatus and to maintain the environment 
to produce idealized freeze-drying conditions. 

Freeze-drying can be used to prepare bulk specimens for the study 
of both surface and internal structures (see Chapter 8). In most unfixed 
bulk specimens, only a very superficial layer can be well frozen. To 
avoid ice crystal damage at a deeper level, the water must be replaced 
by an organic solvent before freezing unless high-pressure freezing 
techniques are available. The surface structure of the frozen-dried 
specimen can be studied either in the SEM, or in the TEM using 
the high-resolution heavy metal/carbon replication technique. This 
technique resembles that for deep-etching specimens during conven- 
tional freeze-etching methods. Finally, the frozen-dried bulk specimens 
can be embedded in resin, with or without previous chemical fixation, 
under vacuum. 

A useful route is to combine freeze-drying with embedding as an 
alternative to the standard chemical fixation and organic solvent 
dehydration techniques preparatory to ultramicrotomy. The virtues of 
such a procedure are: (1) that it achieves a more ‘natural’ preservation 
of the native specimen structure by avoiding or reducing artifacts 
caused by chemical fixation and solvent dehydration; and, (2) it avoids 
or reduces the extraction or displacement of labile or diffusible 
substances (e.g. during specimen fixation or chemical dehydration). 

Whatever methods of freeze-drying are used, the following steps seem 
to be particularly important in ensuring good structural preservation of 
chemically unfixed biological specimens: (1) ‘pseudovitrification’ of the 
specimen area of interest; (2) freeze-drying below the recrystallization 
temperature; (3) the embedding procedure should be performed at 
low temperature. This is now quite possible using the modern 
generation of low-temperature resins (see later). The technique of 
directly infiltrating the frozen-dried specimen with resin has the 
advantage that, once the frozen specimen and frozen resin have been 
put into the drying chamber, very few subsequent manipulations are 
required. To avoid bubbling of the resin on warming up (especially 
if using vacuum infiltration), it must be degassed before freezing. 
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While many authors have freeze-dried plant tissues, the great 
majority of these have been for subsequent SEM examination. Plant 
scientists could, with some benefit, explore further the possibilities of 
freeze-drying and low-temperature embedding prior to ultrastructural 
and/or microanalysis. It should be remembered that the ‘etching’ part 
of freeze-etching is nothing more than a very well-controlled, and 
limited, freeze-drying process. This has been used extremely success- 
fully by some authors in producing high-resolution micrographs of 
rapidly frozen, deep-etched (freeze-dried), and rotary shadowed cell 
components (Fig. 7.5). 


7.5. FREEZE-SUBSTITUTION 


Freeze-substitution involves replacement of ice at low temperatures 
with some other solvent. This is most commonly acetone, methanol 
or diethyl ether although many other liquids have also been used (see 
Robards and Sleytr, 1985). After freeze-substitution, the specimen may 
be warmed-up and air dried (for SEM), critical-point dried, or infiltrated 
with resin and then embedded and sectioned. In principle, the 
equipment required is rather minimal. It is necessary to keep the 
specimen at a low temperature (typically between —75°C and —100°C) 
which can be done either with dry-ice/acetone bath or using a low- 
temperature deep-freeze. The latter clearly makes matters much simpler. 
The specimen is immersed in the substituting fluid in a sealed vial, 
often with the addition of activated molecular sieve to remove excess 
water. Freeze-substitution has shown a resurgence of use over the 
past few years and has provided some excellent structural information 
and, on occasion, has been used effectively in preparation for 
microanalysis. Sections have usually been obtained after substituting 
at low temperature, warming to room temperature (possibly with 
fixation en route) and then embedding as usual. The recent availability 
of specially formulated low-temperature resins provides for the exciting 
possibility of freezing the specimen, substituting at low temperature, 
infiltrating at low temperature (< —50°C) and then polymerizing (using 
UV light), also at low temperature. For both ultrastructural and 
analytical applications, this route looks to have significant advantages 
and still remains to be explored more fully. 

Equipment for freeze-substitution must satisfy the following require- 
ments: (1) the specimen must be kept immersed in the substitution 
medium at a defined, controlled temperature (between 193 and 
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178K [-80 and —95°C]) for up to several days; (2) during the final 
stages of substitution it should be possible to control the rate of 
temperature rise, up to about ambient temperature and also to maintain 
certain temperature levels constant over defined periods of time; (3) 
the substitution medium must be protected from atmospheric moisture; 
(4) it should be possible to manipulate both small (e.g. isolated cells) 
and tissue specimens with relative ease. Either compressor or liquid 
nitrogen cooling systems can meet the temperature requirements in 
(1) and (2). 

The potential advantages of freeze-substitution as a preparative 
method have long been appreciated although, again, the intractability 
of many plant tissues has frequently frustrated its use. However, recent 
work has provided some strikingly good results (e.g. see Chapter 8 in 
this volume) and we can hope that improved methods, resulting from 
a better understanding of the processes involved, will lead to greater 
utilization of the technique. 

Most freeze-substitution work has used acetone as the substituting 
medium but the results of Humbel and colleagues (Humbel et al., 
1983; Humbel and Müller, 1984) strongly suggest that methanol is 
generally better for structural studies. It can dissolve ice more rapidly 
and at lower temperatures than acetone and it also continues to act as 
a solvent even in the presence of a significant amount of water. 
Methanol has, in fact, been used successfully as the sole fixation 
medium by Monaghan and Robinson (1990) in preparation for 
immunocytochemical work on animal tissues. 

Other workers have also achieved successful results using either 
acetone (e.g. Dempsey and Bullivant, 1976a,b) or, particularly for 
microanalytical studies, diethyl ether (Harvey, 1980, 1982; see also 
Harvey and Pihakaski, 1988) has been used. Freeze-substitution has 
also been employed successfully prior to microanalysis of animal 
tissues (e.g. Marshall, 1980; Ornberg and Reese, 1981; reviewed by 
Steinbrecht and Muller, 1987). 

Whichever substitution method is used, there are a number of 
common difficulties that must be overcome. The first of these is that 
penetration of the substituting medium into plant tissues at low 
temperatures is extremely slow. Rates of substitution have not been 
measured or calculated for complex tissues but there is good reason 
to believe that the major part of many freeze-substituted specimens 
has not had the ice crystals dissolved until warming up to a much 
higher temperature than the initial substituting temperature. As ice 
crystal growth is strongly temperature-dependent, this leads to the 
appearance of very large ice crystals within cells that may well have 
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been quite well-frozen initially. Because of these difficulties, it is 
critically important to take all possible steps to make the area of 
interest as accessible to the substituting medium as possible. This is 
usually quite straightforward because, as the specimen is deep-frozen, 
it can be fractured open under liquid nitrogen before being transferred 
into the substituting fluid. For example, in our studies on the Abutilon 
hairs, we used the method recommended by Humbel et al. which 
comprises a ‘cocktail’ of: 05% uranyl acetate; 1% osmium tetroxide; 
and 3% glutaraldehyde in pure dry methanol. Specimens were left at 
—80°C (193K) for 8 days followed by 10K increases in temperature 
daily up to + 10°C (283K) when embedding was commenced but initial 
freeze-substitution results were entirely unacceptable. In view of the 
impermeable cuticle overlying all the hairs this was not surprising. 
We therefore adopted the method of breaking off hairs from the frozen 
glands by gently striking them with a cold metal rod while under 
liquid nitrogen. This proved to be highly successful (Fig. 7.6) and, in 
fact, the sites of the fractures could easily be checked by low- 
temperature SEM. The result was a mixture of isolated hairs, some 
intact and some broken at different locations, together with pieces of 
sepal with exposed basal cells. It was found that the cytoplasm of the 
fractured cells was extremely well preserved with almost no signs of 
ice crystals whatsoever, so confirming that the initial freezing had 
been satisfactory. Interestingly, structural preservation only two or 
three cells distant from the fractured surface was usually poor and ice 
crystal damage was considerable. It is highly improbable that freezing 
rates were consistently different over such small distances and, 
therefore, the conclusion is that the very small ice crystals in the 
accessible cells were fully dissolved at low temperature (—75°C) while 
those in more distant cells were not dissolved at low temperature and 
grew as the temperature rose until, ultimately, the substituting medium 
eventually penetrated to them. Provided that pieces of specimen 
that have been broken under liquid nitrogen can subsequently be 
recognized, there is little limitation to the further use of this method. 
As an additional aid to good substitution, it is useful to agitate or 
rotate the specimen vial during the substitution process. Once the 
tissue has been fully freeze-substituted it is ready for embedding. A 
typical freeze-substitution schedule is provided in Table 2. 

A number of authors, including ourselves, have been impressed 
with the potential advantages of low-temperature embedding using 
resins such as the Lowicryl media (Armbruster et al., 1982; Carlemalm 
et al., 1982; Carlemalm, 1984). However, results on tissues so far, 
especially from plants, have been extremely disappointing. The problem 
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Fig. 7.6. Freeze-substituted cells from Abutilon nectary hairs (Robards and Stark, 1988, 
see text). These cells have been prepared as described in the text and exhibit excellent 
fixation and preservation. Organelles such as Golgi, mitochondria, plasmalemma, 
secretory reticulum and microtubules are all clearly shown. 
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Table 7.2. Generalized freeze-substitution schedule 


Procedure 


Temperature and duration 


Rapid freezing 


Substitution medium* —80°C (193K), > 7 days 

Substitution medium* Raise temperature approx. 10K per day 
to room temperature 

Pure substitution vehicle (e.g. acetone or Three changes, 1 day each 

methanol) 


Dilute resin in solvent Very small increases in concentration 
>7 days 

Pure resin Three changes, 1 day each 

Pure resin Polymerize at appropriate temperature 
for resin 


*Various media may be used (see text). We have successfully employed the Humbel et 
al. (1983) formula of 0.5% uranyl acetate + 1% osmium tetroxide + 3% glutaraldehyde 
in 100% methanol. The times given are for small (<0.5 mm) plant tissue blocks and 
vary greatly according to specimen size and type. 


seems largely to be one of inadequate infiltration at low temperature. 
If structural studies only are to be made, then infiltration at around 
0°C or room temperature in a low-viscosity resin such as the Spurr 
(1969) formulation can be quite satisfactory. Again, however, there are 
some pitfalls. Because freeze-substitution is an effective fixation 
method, many cell membranes retain semi-permeable properties. This 
is little appreciated but the results of over-rapid exposure to high 
concentrations of resin monomer in solvent can lead to dramatic and 
disastrous withdrawal of solvent from the specimen (see also McCully 
and Canny, 1985). This can result in specimens that appear badly fixed 
or ‘plasmolysed’. With specimens such as the isolated nectary hairs, 
it is easy to make experimental observations during resin infiltration 
and to see that an initially well-preserved hair can, within a few 
seconds, be completely spoilt. The solution is to present the resin, at 
least initially, in very gently increasing concentration steps so that the 
tissue has time to equilibrate without a massive efflux of solvent. 
Alternatively, the solvent in which the resin is dissolved can be 
gradually evaporated away by passing a stream of dry nitrogen gas 
over the vial in which it is contained. Our own warm-up/embedding 
schedule was variable but typically as follows: —80°C, 8 days; 10°C 
increments daily up to +10°C, then change into fresh dry methanol. 
Specimens were centrifuged at each change of solvent. From methanol 
the material was transferred into acetone prior to the very gradual 
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addition of two drops of 1:1 acetone:Quetol resin every half-hour 
(Kushida, 1974). This critical early resin infiltration stage (see Robards, 
1985; also McCully and Canny, 1985) progressed over 2-3 days, the 
specimens being left in a refrigerator overnight. After about three 
days, the vials were left, without tops, in a desiccator at room 
temperature. The following morning the specimens were again 
centrifuged and the resin mixture was replaced with 100% fresh resin. 
After two further changes into fresh resin, the centrifuged specimens 
were polymerized at 60°C in tapered plastic Eppendorf tubes. 

Lancelle and Hepler (1989) are among those who have also 
demonstrated elegant applications of freeze-substitution following 
rapid fixation, in this case in the preparation of Nicotiana pollen tubes 
and Drosera tentacles for immunocytochemical examination. They 
showed that the extensive microfilament bundles in the cells that they 
studied were composed of actin, a protein that is difficult to preserve 
by conventional fixation methods for electron microscopy. 

Kaeser (1989) has used the organic solvent, dimethoxypropane 
(DMP), as a substituting fluid for root tip cells of Dahlia variabilis and 
highly vacuolated storage cells of Helianthus tuberosus after high- 
pressure freezing. The benefits of this solvent appear to be: (1) that 
water could be withdrawn from the samples without a change of 
medium and without adding drying agents or working in a nitrogen 
atmosphere; and (2) the ultrastructural preservation of the substituted 
tissues was better than in a methanol medium and at least as good as 
in tissues fixed chemically at room temperature. The DMP reaction 
with water is as follows: 


OCH, O 
| [H"] | 
OCH, 
DMP + water —> acetone + methanol 


The technique employed by Kaeser was that the glutaraldehyde was 
shaken with acidified DMP (3 drops 01n HCI in 25 ml DMP) in order 
to eliminate the water from the aldehyde solution. The final solution 
was clear. After adding the acetone (100% + molecular sieve), methanol 
(= 99-8%) and uranyl acetate (10% in methanol), the solution was 
cooled with liquid nitrogen to approximately 193K. OsQ, crystals were 
added to the cooled solution. Using 100 mg OsO, the quantities and 
concentrations shown in Table 7.3 were used. 
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Table 7.3. Freeze-substitution according to Kaeser (1989) 


Amount (ml) Final concentration (%) 
6 DMP (acidified) (=5.1 g) 

3 Acetone 

2.25 Methanol 

0.75 10% Uranyl acetate in methanol 0.57 

0.6 25% Aqueous glutaraldehyde 1.15 

12.6 

+ 100 mg OsO, 0.76 


DMP reacts with water in equimolar reaction. The molecular weight 
of DMP is 104-15 (water = 18-02). Thus, about 5-8 mg DMP is required 
to react with 1:0 mg water. For the elimination of the 0-45 g of water 
in the aqueous aldehyde solution, 2:6 g DMP is necessary and 25 g 
DMP remains. Each sample was substituted in 1-0 ml of the substitution 
medium in Eppendorf tubes containing 198-4 mg DMP for each sample 
(25g + 126). The volume of each sample is at most 0-5 mm?. The 
estimated water content of the samples is 80%, so that there is 0-4 mg 
of water in each sample. This needs 23 mg DMP for elimination and 
hence 196:1 mg DMP is in excess for each sample for reaction with 
molecular water, water of condensation, etc. The relative amounts of 
DMP, methanol and acetone were chosen to obtain the maximum 
amount of DMP in the substitution medium. Substitution was allowed 
to occur for 24h each at 193, 213 and 243K. When the specimens had 
warmed to 273K they were exchanged into 100% acetone prior to 
embedding in Araldite. 

In another study of vesicle formation and movement using freeze- 
substituted material, Heath et al. (1985) observed hyphae of Saprolegnia 
ferax and concluded that the freeze-substitution technique is superior 
to conventional fixation because it uniquely reveals both differentiation 
of a specific single cisterna in each Golgi body and greater differences 
in membrane thickness throughout the endomembrane system. 

Hawes and Martin (1986) freeze-substituted frozen cultured carrot 
cells at 193K in 2% osmium tetroxide in acetone for three days. After 
bringing to room temperature over 8 h, the cells were stained in 0-5% 
uranyl acetate overnight before embedding in Spurr’s resin. 
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7.6. LOW-TEMPERATURE EMBEDDING 


It is implicit in our use of cryotechniques that maintenance of low 
temperatures during the processing of well-frozen specimens is a 
valuable aid to the preservation of ultrastructure and retention of 
soluble components close to their in vivo positions. Because it is often 
necessary to cut thin sections of biological specimens for observation 
in an electron microscope the material must be infiltrated with some 
form of matrix that can be hardened. This is usually a resin (most 
commonly an epoxy resin but sometimes an acrylic or polyester). Such 
resins can themselves be effective lipid solvents, the more so as they 
are often polymerized at relatively high temperatures. The problems 
are compounded because the resin viscosity is usually quite high and 
becomes worse as the temperature falls, so that infiltration can be 
difficult. The production of a resin that can be infiltrated into biological 
specimens at sub-zero temperatures and then polymerized, also at low 
temperature, is clearly an advance of some importance. The Lowicryl 
resins were developed in Switzerland by Carlemalm and colleagues 
(Carlemalm et al., 1982; Armbruster et al., 1982; Carlemalm, 1984) for 
this purpose and are commercially available. Other low-temperature 
resins, such as London LR Gold, are also becoming commercially 
available and LR White can be used down to about —15°C (C. Hawes, 
personal communication). 

Four Lowicryl resins are available: Lowicryl K4M and K11M and 
Lowicryl HM20 and HM23. These are highly cross-linked acrylate- and 
methacrylate-based embedding media, specially formulated to provide 
low viscosity at low temperatures. Their critical physical data, 
formulation constituents and embedding schedules are provided in 
Tables 7.4 and 7.5. All the resins can be polymerized by long wavelength 
(360 nm) UV light at low temperatures or can be chemically polymerized 
at 60°C (333K). 

The hydrophilic properties of K4M and K11M provide some 
advantages; in particular the specimen can be kept in a partially 
hydrated state during dehydration and infiltration since K4M and 
K11M can be polymerized with up to 5% (w/w) water in the block. 
Further, K4M and K11M are particularly useful for labelling sections 
using specific antisera or lectins, since they give better structural 
preservation, improved retention of antigenicity and a significantly 
lower background labelling, than HM20 or HM23 (see Chapter 5). 

There are essentially two different processing routes for embedding 
in these resins: firstly, via normal (ambient temperature) fixation 
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Table 7.5. Typical embedding schedule for Lowicryl resins after freeze-substitution 


K4M HM20 K11M HM23 
Treatments 
Acetone + fixative* —85°C/80 h —85°C/80 h — 85°C/85 h —85°C/85 h 
Acetone + fixative* —35°C/7 h —50°C/7 h —60°C/7 h 
Pure acetone* —35°C/1h —50°C/1 h 
1:1 Acetone + resin* —35°C/2 h —50°C/2 h —60°C/3-5 h —80°C/12 h 
1:2 Acetone + resin* —35°C/2 h —50°C/2 h —60°C/35 h —80°C/12 h 
Pure resin** —35°C/2 h —50°C/2 h —60°C/18 h —80°C/12 h 
Pure resin** —35°C/16h ~50°C/16h 
Embedding ~35°C —50°C —60°C —80°C 
Polymerization (UV) ~35°C/24h —50°C/24 h ~60°C/24 h —80°C/5 days 
Polymerization (UV) RT/3 days RT/3 days RT/3 days RT/6 days 


* With the addition of 0-4-nm molecular sieve. 

** Dried with molecular sieve; samples gently stirred. 

UV wavelength @ 360nm. RT = Room Temperature. 

Note: The schedule as given has been used for bacterial cells and similar specimens; 
duration of the different stages will need to be adjusted appropriately for multicellular 
tissues such as those of higher plants. 


with subsequent, gradual, lowering of the temperature during the 
dehydration stages; secondly, using freeze-substitution so that the 
frozen specimen is never warmed until it has been fully infiltrated 
with resin and polymerized at low temperature. The first pathway is 
the most frequently used although, in principle, the second has much 
to recommend it. 

The use of low-temperature embedding methods has allowed a 
better quality of ultrastructural observation for some specimens. For 
example, Weibull and Albertsson (1988) used a Lowicryl resin to 
infiltrate spinach chloroplasts at temperatures of —35°C or lower. They 
were particularly interested in the dimensions of the thylakoid lumen 
and concluded that the results from the low-temperature embedded 
material were likely to be more accurate than those obtained by other 
means. 

In general, plant tissues have proved difficult to process through 
the Lowicryl resins so that good sections showing well-preserved 
ultrastructure are obtained. Nevertheless, the potential rewards are 
such that further work is well-justified in this area. An example is 
provided (Fig. 7.7), illustrating the seed coat of Phaseolus vulgaris after 
cryofixation and freeze-substitution followed by embedding in Lowicryl 
HM20. 
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Fig. 7.7. Lowicryl-embedded seeds of Phaseolus vulgaris. Plant tissue was frozen on a 
cold block (Escaig, 1982) prior to freeze-substitution in 3% glutaraldehyde/acetone over 
82 h. This was followed by embedding and polymerization at ~40°C (233K) in Lowicryl 
HM20 (see text for further details). (Micrographs and information kindly provided by 
Dr W. Villiger, Biozentrum, Basel; micrograph taken by M. Diirrenberger.) 


7.7. FREEZE-FRACTURE REPLICATION 


Whereas, at one time, freeze-fracture and freeze-etching techniques 
were the province only of the ‘cognoscenti’, they have now become 
of such wide application that any ultrastructural laboratory of significant 
size should certainly have access to the necessary equipment. A brief 
scan through the pages of any recently published ultrastructural journal 
will serve to demonstrate just how routine these methods now are. 
The reason for this is that freeze-etching provides unique information 
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about membrane structure. In principle, the technique is very simple. 
The specimen is frozen and then broken open to expose fracture faces. 
This surface is then ‘recorded’ by making a shadowed replica of it 
under vacuum (freeze-fracture); if the specimen is allowed to freeze- 
dry very slightly in the vacuum chamber (freeze-etching), then the 
resultant replica shows ‘non-etchable’ membranes, organelles, etc., 
standing slightly proud of the ‘etchable’ ice surface. Some very simple 
systems have been described to allow successful freeze-fracturing but 
most laboratories will need to buy their equipment. This may take the 
form of either a module that attaches to a conventional pumping unit 
ora fully-fledged freeze-etching unit. The latter is now a very expensive 
item of equipment, coming with temperature-controlled specimen 
stage, cooled knife mechanism, high vacuum pumping system, cold 
shrouds, and electron beam evaporation sources. However, it is 
indispensable if a large amount of routine and reproducible work is 
to be accomplished. The interpretation of artifacts in freeze-fracture 
replication techniques is particularly important. Following freeze- 
fracture methods, as in so many other areas of microscopy, computer- 
aided analysis of micrographs is becoming almost the routine rather 
than the exception. This is imporiant because only quantitative results 
allow significant comparisons of micrographs, from whatever source, 
to be made. There is no shortage of suitable microcomputers but 
progress still needs to be made in improving software to support the 
required analysis. 

Although freeze-fracturing methods have now been available for 
almost 30 years, their contribution towards botanical knowledge has 
been spasmodic and limited. To a considerable extent this is due to 
the difficulties of retaining sufficiently large areas of freeze-fracture 
replica so that correct cell ideniification can be made and so that 
proper statistical methods can Le applied. In spite of this, freeze- 
fracture replication techniques have yielded unique information about 
plant cells and, even now, form an essential tool in the electron 
microscopist’s workshop. 

In view of the substantial literature on freeze-fracture replication 
methods this section will simply serve as a summary of some of the 
more recent developments relevant to the study of plant cells. 


7.7.1. Sampling and Mounting 


If bulky specimens, such as plant tissues, are being dealt with, any 
chemical fixation and/or cryoprotection steps are usually carried out 
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on pieces that are larger than will be required for mounting and 
freezing. Final trimming is best done with a sharp razor blade on a 
sheet of dental wax in a few drops of the solution with which the 
tissue was last treated. Whenever possible, samples from bulk 
specimens should have dimensions of less than 1 mm and preferably 
much less, when cut as a cube or as a cylinder. A stereo microscope 
can be a special help for trimming the tissue. Particular care has to 
be taken that the liquid on the wax plate does not evaporate during 
trimming, since this would lead to an undesirable increase in the 
concentration of cryoprotectant or other solutes. Transfer of the trimmed 
tissue to the support is usually done with fine tweezers but some 
people are sufficiently skilled to use a needle or a pointed wooden 
applicator stick for this delicate procedure. The transfer should be as 
fast as possible and it is important that the specimen is not unduly 
squeezed or squashed. The trimmed tissue can be mounted directly, 
using the adherent liquid to fill any remaining gaps between it and 
the holder. When necessary, gum arabic, or a suspension of yeast, can 
be used as a glue to stick the tissue to the holder. The specimen is 
usually gently coated with the suspending medium or placed directly 
into a droplet of this glue on a specimen mount. To avoid osmotic 
and other effects, such additional media must be adjusted to the pH 
and osmolality of the buffer and/or cryoprotectant in which the tissue 
has previously been immersed. 

For some plant specimens, which are so fragile that they cannot be 
trimmed to a suitable size without excessive damage before freezing, 
special mounting techniques have been developed (Johnson, 1968; 
Johnson et al., 1976; Willison and Brown, 1979). Such specimens are 
first frozen, by pouring a liquid cryogen over them or by plunging 
them into cold liquid propane or Freon. Pieces that are small enough 
for mounting on conventional specimen holders are then broken from 
the rapidly frozen specimen and stuck onto specimen mounts using 
butyl benzene (Willison and Brown, 1979) or trichlorethylene, kept at 
a temperature of 188K or 193K (—85 or —80°C), respectively (see 
Robards and Sleytr, 1985). 


7.7.2. Rotary Shadowing 


Most freeze-fracture methods have used unidirectional shadowing, 
generally at a nominal angle of 45°. However, it is not possible to 
provide contrast in all directions using unidirectional shadowing. The 
shadow cast by one structure may also obscure smaller neighbouring 
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structures. Heinmets (1949) introduced the technique of rotary shadow- 
ing which involves rotating the specimen at about 60 to 150 rpm with 
the evaporation source at an angle of 6-45° to the specimen surface. 
The method is most frequently used in electron microscopy to 
demonstrate isolated molecules, such as DNA (Kleinschmidt et al., 
1960) but it has also been applied with considerable success to the 
shadowing of fracture faces (Elgsaeter, 1974; Margaritis et al., 1977; 
Heuser and Salpeter, 1979; Heuser, 1980, 1981, 1983a,b; Espevik and 
Elgsaeter, 1981; Hirokawa et al., 1982; Heuser and Cooke, 1983). A 
special rotary replication unit for the Balzers freeze-fracture apparatus 
has been described by Margaritis et al. (1977) and is commercially 
available, and a completely new design of freeze-etch unit with a 
rotating specimen stage has been described by Elgsaeter (1978). Most 
freeze-etching units now have at least the potential to be modified to 
accept a stage for rotary shadowing. In recent years the rotary 
shadowing technique has yielded some outstanding micrographs, 
containing a wealth of three-dimensional, high-resolution information 
on rapidly frozen and deep-etched specimens and is particularly 
suitable for demonstrating the fine structure of the filamentous (e.g. 
cytoskeletal) and other very sculptured, structures (e.g. coated vesicles) 
exposed by deep etching (Heuser and Kirschner, 1980; Heuser, 1980, 
1983a,b; Espevik and Elgsaeter, 1981). In plants, Hawes and Martin 
(1986), for example, rotary shadowed cultured carrot cells in a Balzers 
freeze-etch device with carbon/platinum at 26° after etching for 15 min 
at 173K (Fig. 7.5). The essentials of this technique are that the freezing 
is extremely rapid so that ice crystal size is at a minimum, and that 
the deep etching is carried out under well-controlled conditions so 
that neither contamination nor molecular collapse takes place. 

Model experiments (e.g. Neugebauer and Zingsheim, 1979) clearly 
show the potential danger of misinterpretation of results obtained by 
rotary shadowing (see also Willison and Rowe, 1980); this is particularly 
important when attempting to interpret the subunit structure of 
intramembranous particles (Branton and Kirchanski, 1977). 


7.7.3. Bidirectional Shadowing 


As an alternative to either unidirectional or rotary shadowing, Willison 
and Moir (1983) have used bidirectional shadowing to demonstrate 
structural features of fracture faces illustrating cellulose molecules in 
plant cell walls. They showed the value of both portrait shadow-casting 
using a 90° inter-shadowing rotation of the specimen (Williams and 
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Smith, 1958) as well as the classical technique for particle-size analysis 
using a 180° inter-shadowing rotation (Williams and Wyckoff, 1944; 
Kahler and Lloyd, 1950). 


7.7.4. Replica Strengthening Methods 


In some instances (e.g. freeze-fracture of tissues) it can be extremely 
difficult (although not, in our experience, usually impossible) to obtain 
intact replicas from chemically untreated material. Nevertheless, the 
very fact that replica retention is made easier after fixation should give 
cause for concern that chemical changes have taken place. Some 
workers have used heavily fixed and cryoprotected specimens simply 
because they were unable to obtain replicas from untreated material. 
Nevertheless, such a justification has to be viewed critically. Numerous 
methods have been described in the literature for improving the 
retention of replicas, and perseverance here usually justifies the extra 
work. The major problem is breakage of the replica due to swelling 
and shrinkage of the specimen in the cleaning solutions (Robards, 
1978). Two general approaches recommend themselves: (1) to make a 
stronger replica so that it can withstand the mechanical effects; or (2) 
to attempt to minimize dimensional changes to the tissue as it is 
digested. More stable replicas are produced with a thicker carbon 
backing layer but this limits the resolution of the replica. Therefore, 
in the first category, methods have been described for strengthening 
the carbon/platinum replica with, for example, collodion (Bullivant, 
1973; Bordi, 1979), polystyrene (Stolinski et al., 1983), naphthalene or 
vacuum-deposited silver (Robards and Umrath, 1978) which can then 
be dissolved away after the cleaning process has been concluded (see 
the individual papers for specific details; also Robards and Sleytr, 
1985). Further to such methods, the most successful means of reducing 
specimen distortion has, in our hands, been that of thawing the frozen 
specimen, with, the replica intact (with a strengthening backing if 
necessary), in cold methanol (see also De Mazière ef al., 1985). The 
technique is to remove the specimen/replica assembly from the freeze- 
etching apparatus and immediately to place it under liquid nitrogen 
onto the surface of frozen methanol contained in a small plastic vial. 
The vial is then allowed to warm up slowly so that the nitrogen 
evaporates and then the methanol melts, so allowing the (still frozen) 
specimen to sink into it. A substitution/fixation process occurs, 
rendering the membranes fully permeable so that, when chemicals 
such as hypochlorite, sulphuric acid or chromic acid are applied, far 
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Fig. 7.8. Freeze-fracture replica of entire cross-section of a maize root. This intact cross- 
sectional replica of a maize root was prepared as described in the text and allows 
detailed comparative studies to be made between different cell types. 


less distortion takes place and it is then possible to obtain replicas 
from otherwise ‘impossible’ specimens (Fig. 7.8). 


7.7.5. Cleaning Methods for Plant Tissues 


Cells of the mature tissues of higher plants are extremely heterogeneous 
compared with most other specimens. Fracture planes of compact cell 
walls become more firmly attached to the replica than, for example, 
the large watery vacuoles. This variation in composition and the 
resulting differential swelling or shrinking, often causes fragmentation 
of the replica during thawing and cleaning. Many specimens are best 
cleaned by immersion in 30-40% chromic acid for 1-2 days before 
rinsing in distilled water and picking up on grids. 

Fineran (1978) suggested that, after thawing, the water under the 
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replica is first gradually replaced over half an hour by concentrated 
nitric acid and then left for 1 h. The concentrated acid is then replaced 
by fuming nitric acid which is used for 1 h either at room temperature 
or at 75°C. On cooling, the acid is slowly diluted with water. 
Alternatively (Fineran, 1978), the replica is transferred, after thawing 
in distilled water, to 75% sulphuric acid for 4h. The acid is then 
diluted to < 10% and the replica is transferred into a mixture of 5% 
chromic and 5% nitric acid and left overnight. Replicas can firstly be 
placed in bleach for 2-4 h and then transferred to 75% H»SO, for up 
to 24h, or the treatment can be reversed, using the acid first. 

Pearce (1983) suggested a cleaning method that ensures the recovery 
of replicas of fractured leaf cells. This involves a preliminary dehy- 
dration step. The replicated specimens are placed in methanol and 
then transferred to chloroform for 15 min. They are then transferred 
to sodium hypochlorite for 1h and finally rinsed with water. A loop 
is used to transfer the material to a carbon-coated gold grid and this 
grid is then floated, with the specimen on the upper side, on 50% 
chromic acid for three days. The gold grid usually separates from the 
carbon layer and can then be used to transfer the carbon layer and 
replica to a rinsing bath of distilled water. The cleaned replica and 
adherent carbon layer are then collected on the original gold grid or 
on another support. Without the initial wash in chloroform, the cuticle 
is carbonized by the chromic acid and forms an extensive layer that 
obscures much of the rest of the replica. 

Procedures for dissolving and handling replicas of cutinized leaves 
and other plant tissue which yield comparatively large replicas have 
been described by Platt-Aloia and Thomson (1982). Dissolution of the 
tissue involves the sequential use of alcoholic KOH (12% KOH in 95% 
ethanol), sulphuric acid (70%) and chromic acid (half-strength glassware 
cleaning solution). 

Another impediment to the successful collection of large intact 
replicas from plant tissues can be the presence of air spaces, as in 
roots or between adjacent superficial structures such as hairs on the 
surface of plant organs. Our first attempts to freeze-fracture Abutilon 
nectary trichomes were unsuccessful because the replica was not 
continuous across the air gap between the adjacent hairs. Application 
of a droplet of 0-6m sucrose containing a trace of Triton X-100 served 
to ‘wet’ the hairs over their whole surface, so eliminating air cavities 
and providing a completely solid block for freeze-fracturing and from 
which intact replicas could be recovered (Robards, 1985; Robards and 
Stark, 1988). 
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Table 7.6. Particles on marrow root cortical cell membranes after chilling at 4°C for 2 h 


Temperature Fracture Particle Frequency Coefficient of 

(CC) face diameter (nm) (IMPs pm?) dispersion 

18 P-face 9.6 + 0.08 1568 + 84 1.19 + 0.01 
E-face 10.4 + 0.06 327 + 30 1.06 + 0.02 

4 P-face 9.7 + 0.06 1545 + 82 1.21 + 0.01 
E-face 9.7 + 0.07 565 + 54 1.13 + 0.02 


This table (taken from Robards and Clarkson, 1984) serves to illustrate the importance 
of correct sampling and statistical interpretation of data from freeze-fracture electron 
micrographs. Only by evaluating variation attributable to each stage of the sampling, 
preparation and analytical process is it possible to be sure that results are truly 
representative and valid. While there are clear differences between particle frequencies 
on E- and P-faces in the samples examined, it is not possible to draw significant 
conclusions as to particle size or, to any large degree, particle dispersion, from these 
figures. (See Robards and Clarkson, 1984; also Robards et al., 1981, and Rawlins, 1985) 


7.7.6. Observation and Image Analysis 


Once having obtained a clean replica within which the individual 
cells can be recognized, interpretation and analysis can proceed. The 
vast majority of observations from freeze-fracture replicas are made 
on membrane fracture faces. Features such as intramembrane particle 
(IMP) frequency, distribution and appearance are recorded. This can 
pose substantial problems of sampling and statistical analysis. Work 
in our own laboratory, which has attempted to define the different 
sources of variation, has shown that the major variation arises from 
differences between individual replicas. At all events, any comparisons 
to be made between experimental and control samples need the most 
rigorous examination and quantitative analysis. If this is not done, 
then it is all too easy to acquire results that, while having the trappings 
of statistical validity, are in fact meaningless (Sleytr and Robards, 1982; 
Staehelin, 1973, 1979). 

A number of authors have reported attempts to quantify IMPs on 
membrane fracture faces (see, e.g. Duniec et al., 1982; Robards et al., 
1981; Van Winkle and Etman, 1981; Weinstein et al., 1979; Niedermeyer 
and Wilke, 1982; Table 7.1, Table 7.6). There are significant problems, 
not only in the application of statistical methods to determine the 
frequency and distribution pattern of IMPs, but also in relation to the 
topography of the replica. For instance, particle frequencies will clearly 
be inaccurate if determined from a fracture face that is not normal to 
the electron beam. Stereo-pair electron micrographs should be used to 
evaluate such geometric features (Steere et al., 1974) so that surfaces can 
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be ‘normalized’ to the electron beam before carrying out quantitative 
analysis. Weibel et al. (1976) have also approached the problem 
of obtaining accurate membrane surface areas from freeze-fracture 
micrographs by the use of stereological methods. 

An increasing number of publications has been concerned with the 
pattern of IMP distribution in membranes. This relates to interest in 
determining whether different experimental treatments (for example, 
chilling or desiccation stress) produce IMP-free patches, so reflecting 
possible phase transitions in membrane lipids. Some clear results have 
been shown from microorganisms (e.g. Tsien and Higgins, 1974; 
Martin ef al., 1976; Furtado et al., 1979; Ono and Murata, 1982), but 
the situation is far less well-resolved in higher plants. Experiments 
using chilling temperatures on Zea mays and Hordeum vulgare revealed 
no significant changes in the coefficient of particle dispersion (Robards 
and Clarkson, 1984; Fig. 7.9, Table 7.6). Other authors have reported 
particle-free areas on membranes (e.g. Toivio-Kinnucan et al., 1981). 
However, to be sure that the observed distributions are real and not 
artifactual and, still more, to make a proper comparison of results 
from different laboratories, requires that experimental and analytical 
conditions are very carefully defined and controlled. Taking up the 
point made earlier, chemical pretreatments should certainly be avoided 
and even the rate of cooling should at least be taken into account in 
interpreting micrographs (some estimate of this can be deduced from 
ice crystal size in the adjacent cells). Once a replica has been produced, 
the quantitative analyses must be applied carefully (see papers cited 
above). Furthermore, there should be sufficient different samples, 
sufficient different replicas and sufficient different micrographs to 
minimize bias arising from inadequate sampling. Together, these 
requirements lead to a substantial amount of work but this is inevitable 
if significant results are to be achieved. It is all too easy to be influenced 
by looking at a couple of electron micrographs that appear to illustrate 
some clear change arising from different treatments; further analysis 
all too often shows such variation not to be significant. For example, 
as part of alarge programme to investigate the pattern of IMP frequency 
and distribution in the membranes of successive cell layers across 
plant roots, we recorded and examined many hundreds of micrographs 
(Robards and Clarkson, 1984). It was relatively straightforward to 
demonstrate that the mean IMP frequency on the endodermal P-faces 
was significantly higher than the frequency on the cortical cell P-faces. 
However, an attempt to make a more detailed study of variation across 
the membranes of individual cells soon demonstrated that the variation 
from different areas within the membrane of a single cell could be as 
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Fig. 7.9. Freeze-fractured cortical cells of marrow (Cucurbita pepo) roots. This figure 
illustrates different plasmalemma fracture faces from Cucurbita roots (see Robards and 
Clarkson, 1984). Intramembrane particles (IMP), endoplasmic reticulum (ER) and 
plasmodesmata are well-demonstrated. There was no pretreatment prior to rapid freezing 
in liquid propane. Such replicas allow detailed assessment of IMP frequency, morphology 
and distribution. 


large as that from different cells. This accentuates the inescapable 
requirement that sufficient samples are taken and properly analysed. 

Platt-Aloia (1988) has used freeze-fracture extensively to obtain 
evidence of stress-induced phase separations in plant cell membranes. 
This is an important area of study and is fraught with difficulties in 
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interpretation, not least because the problem of artifacts plays such a 
large role (see comments on p. 261; also Robards and Clarkson, 1984). 
Platt-Aloia concludes that the membranes of plant cells are a primary 
site both of adaptation and of injury under different forms of stress. 


7.8. SUMMARY 


This paper has attempted to outline some of the low-temperature 
methods that can now be successfully applied to plant cells and tissues. 
Inevitably, it has been impossible to cover all techniques; it also very 
much reflects a personal selection of examples. As in the field of 
microscopy in general, low-temperature techniques should not be seen 
as ‘competing’ with each other; rather, they can provide complementary 
information. Much of the original impetus for using frozen specimens 
as the starting point for microscopical observation and/or analysis 
came from the potential avoidance of chemical treatment. Despite this, 
there is a worrying trend towards the relatively indiscriminate use of 
chemical pretreatments without sufficient consideration of whether 
this has any adverse effects on the results obtained. Similarly, the 
relative difficulty of obtaining freeze-fracture replicas containing large 
areas of membrane fracture faces sometimes leads to inadequate 
quantitative assessments of experimental results. As low-temperature 
methods become more widely available and used, it is going to be 
increasingly important that the whole artifact problem — both in 
preparation and in interpretation — is constantly taken into consider- 
ation. If this is done, then low-temperature methods will continue to 
have a vital role to play in botanical microscopy. 
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8.1. INTRODUCTION 


Since the commercial introduction of the Stereoscan by the Cambridge 
Scientific Instrument Company in 1965 the scanning electron micro- 
scope has been used in a very wide range of applications in plant 
science. The characteristics of the instrument which have been of most 
use to botanists are the capacity to image complex surface topographies 
with great depth of field (up to 300 times better than can be obtained 
with light optics) and with a large range of magnifications, from about 
x10 to more than x100 000. The facility to produce images with a 
natural three-dimensional appearance, as if illuminated from above by 
diffuse light, has made scanning electron microscopy (SEM) extremely 
popular for botanical studies, particularly at the low end of the 
magnification range. However, much botanical SEM has been perfor- 
med in a fairly mundane and technically uncritical way which has not 
nearly fully exploited the ultimate potential of the technology. Although 
these studies have collectively made a substantive contribution to 
plant science, they will not be comprehensively surveyed here. 
Instead, this chapter attempts to identify those ideas, procedures and 
applications which are milestones in the development of botanical 
SEM, those which form the basis of its current practice, and those 
which seem likely to form foundations for the critical development of 
botanical SEM applications in the future. A major thesis of this review 
is that the technologies both for SEM imaging and specimen preparation 
have developed very significantly in the last 10~15 years, to the extent 
that clear convergence can be seen in the performance and applications 
of SEM with those of transmission electron microscopy (TEM). If plant 
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science is to benefit from the recent developments in high-performance 
SEM, more critical approaches to specimen preparation will have to 
be adopted than are currently the norm. Many of the techniques which 
have been developed primarily for TEM of biological materials are 
likely to become increasingly applicable to SEM specimen preparation. 
Specimens produced by these methods will tend to be of higher quality 
than is currently usual for SEM, and the potential for correlative 
microscopical techniques will be significantly enhanced. Consequently 
it will become relevant to think beyond the current boundaries of SEM 
when preparing one’s specimens. 

A decade ago it seemed almost axiomatic that the poorer resolving 
power of scanning electron microscopes (~6—10 nm) compared with 
transmission electron microscopes (~0-2 nm) destined SEM to 
occupy the middle ground between light microscopy (LM) and TEM. 
Developments in electron guns, electron optics and vacuum systems 
during the last 20 years, and the intrinsic stability of microelectronics 
systems have resulted in significant improvements in the per- 
formance of commercial scanning electron microscopes, so that the 
resolution achieved by some machines is very close to that of a 
simple thermionic-sourced transmission electron microscope. In 
practice, the resolution obtainable in TEM is limited by the 
nature of the specimen. For example, the smallest objects resolvable 
in a section of biological material are an order of magnitude or more 
larger than the theoretical instrument resolution, and the same is 
true of replicas. In practice, SEM may now be said to have closed 
the gap in performance between transmission electron microscopes 
and conventional scanning electron microscopes (e.g. see 
Figs 8.1-8.4). 

Field emission SEM (FESEM), with electron probes <1 nm (10 A) in 
diameter and correspondingly fine resolution, has been the primary 
enabling technological development. The electron guns of field emission 
scanning electron microscopes use single-crystal tungsten cathodes 
with tip radii of about 100 nm. Field emission of electrons is induced 
by placing this tip in an electric field of about 10° V mm“? in ultrahigh 
vacuum <10~® Pa. The resulting beam is up to 10° times brighter than 
that from a thermionic source, emerges from a smaller virtual source 
(radius = ~3 nm) and has a much smaller spread of electron energies, 
about 0-2eV at 25 kV, than a beam from a thermal emitter (>2eV at 
25kV) thus improving signal/noise ratio, and reducing chromatic 
aberrations. The improvement possible with field emission (FE) over 
thermionic sources in SEM was first demonstrated by Crewe and Wall 
(1970), who designed and built a microscope capable of 0:5 nm 
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resolution in transmission mode. In the more conventional secondary 
electron (SE) emission mode the advantages of FE sources include much 
higher resolving power, greatly improved low-voltage performance, and 
the ability to image at fast scan speeds without producing unacceptably 
noisy images. 

An important limitation to the exploitation of the ultimate resolving 
power of FESEM for biological applications has been the specimen 
coating technologies available. Conventional sputter coating with gold 
produces thick granular layers of metal which degrade specimen fine 
structure (Echlin and Kaye, 1979), although this may not be evident 
at magnifications up to about x10 000. Improvements in specimen 
coating techniques enabled images of intramembranous particles to 
be obtained in yeast plasma membranes imaged by FESEM (Figs 
8.1-8.4; Hermann et al., 1988; Walther et al., 1991). However, FESEM 
also enables major improvements in image quality in low-voltage SEM, 
and impressive results have been obtained with uncoated specimens 
(Price and McCarthy, 1988). 

Probably the most significant development in botanical SEM during 
this period has been the emergence of low-temperature scanning 
electron microscopy (LTSEM) as a widely-available, routine technique 
(see reviews by Beckett and Read, 1986; Read and Jeffree, 1991). LTSEM 
allows the observation of plant and fungal morphology in the hydrated 
state. This facility has proved particularly valuable because water is the 
major constituent of biological material and an important determinant of 
morphology at the subcellular, cell and tissue levels of organization. 
Furthermore LTSEM also avoids most of the artifacts prevalent in 
ambient-temperature SEM (ATSEM). Discussion of the advantages, 
limitations and applications of LTSEM are therefore given appropriate 
prominence in this review. 


Figs 8.1-8.4. Saccharomyces cerevisiae. Correlative high-resolution LTSEM (Figs 8.1 and 
8.3) and TEM of replicas (Fig 8.2 and 8.4) of freeze-fractured yeast cells, showing the 
relative performance of the two techniques. Figs 8.1 and 8.2. Protoplasmic fracture faces 
of the plasma membranes showing hexagonal arrays of intramembranous particles with 
a periodicity of 16:5 nm (arrows). Bars = 100 nm. Figs 8.3 and 8.4. Fractured yeast cells 
showing the protoplasmic face of the outer membrane (omPF) and the endoplasmic face 
of the inner membrane (imEF) of the nuclear envelope. Note that the omPF is densely 
covered with intramembranous particles, while the imEF is not. Nuclear pores are 
clearly visible (arrows). Bar = 100 nm. Preparation for LTSEM: CF(LP); FF; SC(Pt, 3 nm). 
Preparation in a Balzers SCU 020 cryopreparation system and SEM in a Hitachi S-800 
field-emission microscope. SEI, 10kV. From Walther et al., 1990; reprinted with 
permission of Scanning/FAMS, Mahwah, NJ, USA. 
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8.2. AMBIENT-TEMPERATURE SCANNING ELECTRON 
MICROSCOPY 


Ambient-temperature SEM ideally requires dry, mechanically stable, 
non-volatile, electrically conducting specimens with a secure electrical 
connection to earth. Few of these criteria can be met by any botanical 
specimens, and none by living cells. Before high-quality SEM images 
of plants or fungi can be made, the reasons for these requirements 
must be understood, and the technical problems which they create for 
processing or conversion of the specimens into an appropriate form 
must be solved. Methods for achieving these ends are discussed below. 
Furthermore, it helps to have some understanding of the image- 
forming process in SEM, and some aspects of this are discussed later 
in this review (Section 8.5.1). 


8.2.1. Examination of Untreated Specimens 


8.2.1.1, Examination of Specimens Without an Environmental 
Chamber 


Scanning electron microscopy is typically carried out at low pressures 
(<10~? Pa) because electron beams are readily absorbed and scattered 
by gases, spreading the beam and dissipating its energy. At ambient 
temperature and low pressure volatile constituents of plant specimens, 
notably water, are rapidly lost by evaporation. This leads quickly to 
dimensional changes in the specimen, to ultimate structural collapse, 
and also to poor resolution, charging and other interference with the 
image-forming process. Despite these problems, early workers quickly 
found that surprisingly high-quality images can sometimes be obtained 
when moist, unfixed and uncoated plant tissues are viewed in a 
scanning electron microscope (Pease et al., 1966). Dramatic demon- 
strations of this are the imaging of the fresh, moist, insect-trapping 
tentacles of Drosera by Heslop-Harrison (1970), and the stigma and 
leaf surfaces of Cannabis sativa (Ledbetter, 1976; see also Robards, 1978; 
Krulik, 1980). Other examples obtained in this laboratory show that it 
is possible to obtain high-quality images of, for example, epidermal 
cells of petals (Fig. 8.5), trichomes (Fig. 8.6), nectar secretion from 
nectaries (Fig. 8.7), photosynthetic lamellae of mosses (Fig. 8.8), plant 
apices (Lyndon, 1978), and the cuticular features of a variety of species 
(Jeffree, 1986). Such studies are facilitated by sealing cut surfaces with 
a fast-drying glue or silver dag to reduce evaporation from the free 
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Figs 8.5-8.8. ATSEM of untreated plant material. Fig. 8.5. Tropaeolum speciosum. Petal 
papillae, showing natural cuticular striations, SEI (5 kV). Scale = 10pm. Fig. 8.6. 
Anigozanthos flavidus. Arboriform trichomes on a young inflorescence. SEI (40 kV). 
Strong edge effects are apparent but there is no specimen charging. Bar = 100 pm. Fig. 
8.7. Lonicera periclymenum. The inner, glandular surface of a floral nectary, showing 
papillate glandular trichomes and droplets of nectar. SEI (5 kV). Bar = 25 pm. Fig. 8.8 
Polytrichum commune. Edges of the stack of photosynthetic lamellae at the leaf base. 
SEI (10 kV). Bar = 10 pm. (Figs 8.5 and 8.6 from Jeffree, 1986, with permission.) 


surfaces of aqueous solutions, short pumping times (a turbo-molecular 
pump helps here) and short record-scan durations. The chief problem 
with this approach is that artifactual changes in the specimen due to 
its progressive dehydration are impossible to control, and increasing 
destabilization of the specimen is evident as observation proceeds. 
Thus, fresh untreated biological specimens have only a brief useful 
life. They are also extremely vulnerable to damage by exposure to the 
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concentrated electron beam, particularly during examination at high 
magnifications. 

Before LTSEM became widely available many workers routinely 
evaporatively or sputter-coated surfaces, cuticles and epicuticular waxes 
of fresh leaves or other organs before examination in the scanning 
electron microscope (Baker and Holloway, 1971; Holloway and Baker, 
1974; Jeffree et al., 1975, 1976). These images often contained high- 
quality information about epicuticular wax ultrastructure, but some 
cellular collapse and distortion of the plant surface was also evident. 


8.2.1.2. Examination of Specimens in an Environmental Chamber 


More controlled imaging of untreated, hydrated, biological specimens 
is possible in an aperture-limited environmental chamber which 
maintains a comparatively high-pressure environment, of up to about 
3x 10° Pa (the partial pressure of H,O = 2:3x10° Pa at 293K) about the 
specimen (Danilatos, 1990, and references therein). Under these 
conditions beam broadening occurs due to scattering interactions with 
gas molecules, and this limits resolution. The signal must be collected 
by semiconductor back-scattered electron (BSE) or specimen current 
detectors, since the gaseous environment absorbs SEs strongly. An 
interesting consequence of irradiating a gas above a specimen is that 
positive ions are produced which can help to neutralize negative 
charging of the surface, thus obviating the need for coating. This may 
be one reason why unprotected, hydrated specimens show little 
evidence of charging when observed at ambient temperature, and also 
why specimen charging is generally reduced when specimens are 
being partially freeze-dried for LTSEM (see Section 8.3.5). Work 
on high-pressure SEM (HPSEM) and moist-environment ambient- 
temperature SEM (MEATSEM) has recently been reviewed (Shah, 1990; 
Farley and Shah, 1990a, b). The advantages of the approach, in 
comparison with LTSEM, have been discussed by Farley et al. (1988). 
Commercial instruments for HPSEM/MEATSEM are now appearing. 
Although HPSEM/MEATSEM is an interesting adjunct to conventional 
SEM it is too early to estimate whether it can make the significant 
contribution to botanical microscopy which LTSEM clearly has done. 
There may be interesting opportunities to examine living cells and 
tissues during developmental time-courses without killing them (also 
see discussion of fungal spore survival following SEM preparation and 
examination, in Section 8.6.1.1). 
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8.2.2. Chemical Fixation 


For most SEM applications it is necessary to fix specimens. The ultimate 
objectives of fixation is to immobilize, stabilize and preserve the 
spatial relationships and chemical properties of the constituents of 
cells and tissues for subsequent processing and examination in the 
scanning electron microscope. Fixation is usually achieved either by 
chemical means (chemical fixation) or by freezing (cryofixation: see 
Section 8.3.3 and Chapter 7), although fixation by microwave irradiation 
is another approach increasingly being used (Kok and Boon, 1990). 
The approaches to specimen fixation for SEM used to date in biology 
have largely been extensions of preparative methods for TEM. There 
are good reasons for this. In particular the transmission electron 
microscope enables verification of specimen fine structural preservation 
to be carried out at magnifications much higher than are obtainable 
with conventional SEM. 

Since the topic of chemical fixation is extensively covered elsewhere 
in this book (Chapter 1) only aspects specifically relevant to SEM 
specimens are considered here. Chemical fixation may be achieved 
either by exposure of the specimen to vapour (vapour fixation) or to 
a fixative solution (immersion fixation). The latter is the most commonly 
employed fixation method. A general point is that fixation for SEM 
has hitherto been regarded mainly as a means of preserving the 
external profile of cells and tissues. However, as suggested earlier, 
with the emergence of FESEM it will be necessary to consider more 
rigourously the effects of fixation protocols on the cytoplasmic 
constituents of cells, since it now becomes possible to image organellar 
and supramolecular structures by SEM. 

Modern chemical tissue fixation procedures are largely based on 
covalent cross-linking of proteins with glutaraldehyde, sometimes used 
together with formaldehyde (methanal) (Karnovsky, 1965) or acrolein 
(propenal). Aldehyde-fixed tissues are commonly subjected to a second 
fixation step which stabilizes cell and organelle membranes by reaction 
of osmium tetroxide with a variety of reactive groups, but notably 
with ethylene bonds in unsaturated membrane lipids. Osmium confers 
some electron-opacity on a wide variety of organelles, which is useful 
in TEM (see Chapter 1). In SEM, osmium vapour fixation has been 
used as a solution to the problem of preserving intact certain 
extremely fragile fungal structures (e.g. conidia) or labile materials (e.g. 
extracellular mucilage) (Quattlebaum and Carner, 1980; Read et al., 
1983). Postfixation by immersion in osmium tetroxide improves the 
stability of highly hydrated cells and tissues during dehydration. It 
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is also used in osmium impregnation procedures, such as the 
osmium/thiocarbohydrazide/osmium (OTO) process, which further 
enhance this stabilization effect and can render the tissue electrically 
conductive, so that coating may become unnecessary (Kelley ef al., 
1973; Woods and Ledbetter, 1976). Finally, osmium can provide 
valuable protection of antigenic sites during tissue processing for 
immunocytochemistry (Bendayan and Zollinger, 1983). 

Glutaraldehyde is frequently criticized for its slow rate of penetration 
into tissues, and this becomes important in SEM since the specimens 
are often much larger than is usual for TEM. Formaldehyde or acrolein 
penetrate tissues faster because of their lower molecular mass and 
physical size. However Coetzee (1985) points out that there is no virtue 
in rapid penetration of a fixative into tissue if the rate of the cross- 
linking reactions is low when it gets there. If both factors are taken 
into account glutaraldehyde would seem to be the best compromise, 
and this is borne out by the votes of users in all branches of biological 
microscopy. The chemical fixation of cells sometimes takes many 
minutes, and thus dynamic cellular processes will not be immobilized 
instantly. This can lead to considerable artifact formation (Mersey and 
McCully, 1978), which can be very significant for SEM, particularly if 
the internal structures of cells are to be examined. In our experience, 
a mixture of formaldehyde and glutaraldehyde, as suggested by 
Karnovsky (1965), provides satisfactory preservation of a wide range 
of specimen types for SEM. 

Aldehyde-osmium fixation protocols leave one major class of plant 
and fungal polymers - the polysaccharides ~ unfixed, except insofar 
as they are originally covalently attached to fixed proteins. Conse- 
quences of this are first that extracellular matrix material may be lost 
during processing in aqueous media, and secondly, an opportunity to 
improve cell wall rigidity is lost. Considerable improvement in the 
appearance of tissue-cultured cells can be obtained by following the 
conventional aldehyde fixation by a variant on the OTO process called 
PATOTO. The PATOTO process combines the PATCO process 
(Seligman et al., 1965) with the OTO process (Seligman ef al., 1966). 
The vicinal diols of polysaccharides are first oxidized with periodic 
acid or sodium m-periodate, as in the periodic acid—-Schiff (PAS) 
method. The resulting aldehyde groups, together with those introduced 
into the tissue proteins by glutaraldehyde fixation, are complexed with 
thiocarbohydrazide (TCH), which is in turn coupled to osmium 
tetroxide. In the same step osmium also becomes incorporated into 
lipids and other osmiophilic sites in the tissue as in conventional 
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postfixation in osmium tetroxide. In a second TCH treatment tissue- 
bound osmium is linked to further TCH molecules, providing both 
cross-links and further sites for the incorporation of osmium in a 
subsequent second incubation in osmium tetroxide. The TO steps can 
be repeated more than once. Complete elimination of uncoupled 
reagents must be performed by thorough washing following each step 
if precipitate formation is to be avoided. 

Osmium impregnation by the OTO and OTOTO processes (Kelley 
et al., 1973) can make animal tissues electrically conducting, thus 
avoiding the requirement to coat the surface with metals. However, it 
is important to realize that plant cell walls will not be sufficiently 
impregnated with osmium in the OTO and OTOTO processes to 
render them conductive, and most bulk specimens will have to be 
coated. In the PATOTO process polysaccharides of the cell wall and 
extracellular matrix also become impregnated with osmium. In addition 
to rendering the cell walls, and thus the whole tissue, electrically 
conducting, the rigidity of the cells appears to be enhanced by 
PATOTO. This is presumably a consequence of cross-linking reactions 
between TCH and osmium attached to neighbouring polysaccharide 
chains, reducing distortion during solvent dehydation and critical- 
point drying (Figs 8.9 and 8.10). 

PATOTO cannot immobilize soluble polysaccharides, which are 
likely to be dissolved out of the tissue in the first fixation and periodate 
oxidation steps. Some cationic substances added to the primary fix 
may help to stabilize soluble acid polysaccharides. The addition of 1% 
of cetylpyridinium chloride to a glutaraldehyde fixative stabilizes 
arabinogalactan proteins (Knox and Clarke, 1977) and polyuronide 
matrical material in Fucus (McCully, 1970) by interaction with uronic 
acid carboxyls. The related compound cetyltrimethylammonium bro- 
mide (CTAB, Cetrimide per USP) is also reported to retain acid 
polysaccharides such as hyaluronic acid and heparin (see Pearse, 1985, 
and references therein) and may do the same for the uronic acid 
polysaccharides of plants (alginate, pectin). Alcian Blue 8GX has 
also been used to stabilize and simultaneously stain extracellular 
polysaccharide matrices or glycocalyces in animal tissues prepared for 
electron microscopy (Behnke and Zelander, 1970) but this possibility has 
been little explored in SEM of plants or fungi. The copper—phthalocyanin 
structure of alcian blue confers some electron-opacity on alcian blue- 
stained structures. Conceivably alcian blue may be detectable in BSE 
detection or X-ray microanalysis (XRMA) modes in SEM. Stabilization 
of extracellular polysaccharides of plant and animal cells using 
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Figs 8.9 and 8.10. Capsicum frutescens. Suspension-cultured cells immobilized in blocks 
of polyurethane foam. Fig. 8.9. 1°Fix (Ga-Fa); 2°Fix (1% OsO,); Dehyd. (ethanol); CPD; 
SC (Au); SEI (10 kV). A large proportion of cells have collapsed. Bar = 500 um. Fig. 
8.10. 1°Fix: (Ga-Fa); PATOTO; Dehyd. (ethanol); CPD; uncoated; SEI (10 kV). A higher 
proportion of the cells appear undistorted. Bar = 500 pm. 
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ruthenium red—osmium fixation has also been reported (Luft, 1976; 
Mariani Colombo and Rascio, 1977) and again may produce usable 
signals for BSE detection and XRMA. 

The only reliable ways to prevent the extraction of soluble polysacch- 
arides during preparation of dry tissue specimens are to employ freeze- 
drying, or to use freeze-substitution procedures involving organic 
solvents such as ether, acetone or alcohols. Most water-soluble 
polysaccharides are very insoluble in methanol and ethanol, and are 
precipitated from solution by them (Fry, 1988). 


8.2.3. Specimen Dehydration and Drying 


Botanical specimens usually need to be dried if they are to be stabilized 
sufficiently for storage or prolonged examination by ATSEM. There 
are some exceptions, such as wood (elegantly imaged by Exley et al., 
1974, and Meylan and Butterfield, 1972), mature seeds, spores and 
pollen grains, isolated cuticular membranes, and diatom frustules. 
Plant fossils are often obtained in a dry state, but some fossil plant 
remains, such as peats, are significantly hydrated, and older fossils 
collected in the dry state may have to be rehydrated during processing, 
for example to remove pyrite or the siliceous matrix material (Edwards 
et al., 1982; Edwards, 1986). 

It should be mentioned at this point that some plant cells and tissues 
undergo large changes in water content under natural conditions. For 
example the moss Tortula ruralis, can recover fully from prolonged 
periods of drought which reduces its fresh weight by as much as 80% 
(Tucker et al., 1975). Examples of cells and tissues which survive natural 
air-drying to low water contents include seeds, fungal spores (Beckett 
et al., 1984), pollen grains and lichens (Brown et al., 1987). Other plant 
cells, such as the stomatal guard cells and subsidiary cells, show 
functional morphological changes which are hydration-dependent. 
Clearly natural shrinkage and distortion which occur as responses to 
the environment need to be distinguished from drying artifacts induced 
during preparation. These hydration-dependent phenomena can only 
be studied satisfactorily by LTSEM (see Section 8.3). 

Water is the main constituent of living biological materials (usually 
60-90% of fresh weight), and is an important structural component. 
Removal of water during processing for SEM can alter specimen size 
and their fine structure (Figs 8.11-8.16; Read and Beckett, 1983; Beckett 
et al., 1984). An appreciation of what happens to specimens during 
drying is therefore essential for the critical interpretation of their in 
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vive morphology. Specimen water may be removed for ATSEM by air- 
drying, freeze-drying, solvent dehydration and critical-point drying or 
by freeze-substitution. 


8.2.3.1. Air-drying 


Air-drying, even of well-fixed specimens, causes serious shrinkage 
and distortion artifacts in most biological tissues. This damage is 
caused by surface tension forces which develop as the air-liquid 
interface passes through the specimen during drying. The surface 
tension of the water meniscus (about 7:3 x 107? N m`?) is sufficient 
to cause the total collapse of cells (Robards, 1978). Drying from some 
organic liquids such as ethanol or diethyl ether which have lower 
surface tension may reduce the problem so that some rigid structures 
may not show damage. Fragile diatoms, for example, which are 
distorted when air-dried from water, may show less distortion if dried 
from acetone. However, this does not offer a satisfactory solution for 
the majority of plant tissues, primary plant cells or protoplasts. Much 
of the technology developed for specimen drying therefore attempts 
to address this problem by circumventing in various ways the need 
to dry from a liquid-air interface. 

A technique designed to enhance the resistance of specimens to 
damage during drying is the treatment of fixed and ethanol-dehydrated 
specimens with hexamethyldisilazane (HMDS: Polysciences Inc., prod- 
uct No. 0692; Sigma H4875) followed by air-drying (Nation, 1983). The 
method, which appears not to have been evaluated for plant tissues, 
is reported to give results comparable with critical-point drying for 
insect tissue specimens and bacteria. 


8.2.3.2. Freeze-drying 
Water ice probably has a finite vapour pressure at all temperatures 


down to —196°C (Umrath, 1983). Ice will sublime into a dry atmosphere 
at a rate which is temperature-dependent. Below about —100°C the 


Figs 8.11-8.16. Uromyces viciae-fabae. Urediospores showing the influence of different 
methods of preparation on cell volume and cell surface texture. Figs 8.11 and 8.12. 1°Fix 
(Ga-OsO,); Dehyd. (ethanol-acetone); CPD; SC (Au). Figs 8.13 and 8.14. VFix (OsO,); 
FFD; SC (Au). Figs 8.15 and 8.16. CF (SCN,); SC (Au); FFH. Bars = 10 pm (Figs 8.11, 
8.13, 8.15), 1 um (Figs 8.12, 8.14, 8.16). (Figs 8.11, 8.13, 8.15 from Beckett ef al., 1984, 
with permission. Figs 8.12, 8.14, 8.16 from Read and Beckett, 1983, with permission 
from the Royal Microscopial Society.) 
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sublimation rates from a free water ice surface are too slow to be very 
useful for SEM (Robards and Sleytr, 1985). At temperatures between 
-50 and —100°C freeze-drying of cryofixed specimens under rotary 
pump vacuum (about 0:1 Pa) becomes practical. 

Freeze-driers and lyophilizers of the type used for drying bulk 
tissues and solutions have no specimen cooling facilities, relying on 
the loss of latent heat of sublimation from the specimen to keep the 
specimen cold. They are not normally suitable for SEM specimen 
drying. A small specimen may thaw before a sufficiently low pressure 
can be achieved to start freeze-drying, and the equilibrium temperatures 
normally achieved in these devices are usually too high for satisfactory 
preservation of fine structure (many even employ stage heaters to raise 
specimen temperature and drying rates). 

Freeze-drying of specimens for SEM is therefore typically performed 
under rotary pump vacuum on a cooled table in a vacuum chamber 
or on a temperature-controlled stage, such as provided in the main 
cryopreparation chamber of most LTSEM systems. Freeze-drying at 
—60 to —65°C for periods <2 days can produce good results (Read, 
1983; Read et al., 1983; Fig. 8.54). Very rapid cryofixation coupled with 
freeze-drying at —80°C has also been used when specimens are to be 
examined by high-resolution FESEM (Walther et al., 1988). Constant 
temperature can be maintained for long periods by using a Peltier- 
effect thermoelectric cooling system, as used in freeze-driers designed 
for microscopy (e.g. marketed by Edwards High Vacuum and Biorad), 
or by automatic liquid nitrogen replenishment for a LTSEM system. 
The latter approach consumes a lot of liquid nitrogen. As a simpler 
and cheaper alternative, we have often achieved satisfactory results 
simply by allowing samples mounted on the main cold stage in the 
cryopreparation chamber of the EMscope SP2000 to warm up overnight 
from about —160°C to ambient temperature whilst under continuous 
rotary pump vacuum. 

Two advantages of freeze-drying specimens are that solvent extraction 
can be avoided, and also that the samples retain high immunoreactivity, 
which may be important if correlative immunogold or immunofluo- 
rescence microscopy is contemplated on an SEM specimen (see 
Fig. 8.34). 

Freeze-drying can sometimes, although not always, produce less 
shrinkage than critical-point drying (Beckett et al., 1984). At the cellular 
level, we have often found the surfaces of freeze-dried cells to be 
distorted or collapsed (Read, 1983). Extracellular mucilage also can 
possess small holes after freeze-drying (Read et al., 1983). These artifacts 
can sometimes be overcome or reduced by fixing with osmium vapour 
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for 4-5 days prior to cryofixation (Read et al., 1983; Beckett et al., 1984). 
If freeze-drying must take place from tissues processed in buffered 
solutions, as is inevitable in immunocytochemical procedures, it may 
be worthwhile to choose buffers whose components are themselves 
volatile. Some volatile buffers have been described by Fry (1988). 

Freeze-drying can be performed on specimens in which the water 
is replaced by another liquid, such as tertiary-buty! alcohol (Inoué et 
al., 1989). It can also be performed on specimens in which the water 
is replaced by a material which is solid at room temperature and 
which sublimes. Camphene has been used for this purpose with 
animal tissues (Watters and Buck, 1971), and a commercial product 
Peldri II (Ted Pella Inc., California) has been developed, which is 
claimed to give results comparable with those obtained by critical- 
point drying. 

A development of freeze-drying, molecular distillation drying (MDD), 
is claimed to produce superior results compared with conventional 
freeze-drying by drying at very low temperatures (~ —177°C, Linner 
et al., 1986; Livesey and Linner, 1987) in systems maintained at 
ultrahigh vacuum (< 1074 Pa) by cryopumping. The benefits of this 
process include the avoidance of artifacts due to ice recrystallization. 
The method has not been evaluated for SEM, but if proven, would 
appear to be most usefully applicable to large freeze-fractured 
specimens cryofixed by true hyperbaric freezing (Chapter 7). A 
commercial apparatus for MDD is available from LifeCell Corporation, 
Texas, TX 77381, USA. 

More detailed aspects of the principles and technologies for freeze- 
drying are reviewed comprehensively by Robards and Sleytr (1985) 
and in Chapter 7. 


8.2.3.3. Freeze-substitution 


Freeze-substitution normally involves rapidly freezing a specimen, 
substituting its water with a solvent (e.g. acetone) which often contains 
dissolved fixatives such as glutaraldehyde or osmium tetroxide, and 
then warming the specimen up to room temperature. Subsequent 
processing for SEM usually involves critical-point drying (see Section 
8.2.3.4). Freeze-substitution has been used widely as a preparation 
technique for TEM but has so far been largely neglected for the 
preparation of specimens for SEM. Nevertheless, the superior results 
achieved by freeze-substitution over conventional chemical fixation 
and solvent dehydration for TEM can also be exploited in SEM. 
Advantages of using freeze-substitution in SEM include: the ability 
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to capture dynamic processes (e.g. the motion of cilia, Barlow and 
Sleigh, 1979), improved preservation of certain components (e.g. yeast 
fimbriae, Walther et al., 1988), and the avoidance of artifactual hydration 
or dissolution of samples by exposure to water-based solutions. Most 
SEM specimens will be subjected to immunocytochemical procedures 
before drying. However, if correlative microscopy is contemplated, it 
is worth remembering that freeze-substituted specimens retain high 
immunoreactivity (Muller et al., 1989). 

For high-resolution work the critical freeze-substitution methods 
adopted for TEM are essential. These usually require ultra-rapid 
freezing and substitution at —80 to —85°C with a solvent containing 
fixatives (Hoch, 1986; Howard and O’Donnell, 1987). However, excellent 
preservation of fungal material for low-resolution studies has been 
achieved simply by freezing in liquid nitrogen, substitution in 
methanol at —20°C and critical-point drying (Wharton and Murray, 
1990). A simple design for a liquid nitrogen-cooled temperature- 
controlled box for freeze-substitution is described by Wells (1985). 


8.2.3.4. Critical-Point Drying 


Critical-point drying (CPD) is the most commonly adopted protocol 
for circumventing surface tension-induced tissue collapse during 
specimen drying for ATSEM. The theoretical basis of CPD has been 
comprehensively reviewed by Robards (1978) and Boyde (1978) and 
will only be outlined here. With the exception of some improvements 
in the equipment commercially available for CPD, little significant 
development of the technology has taken place in the last decade. 
Briefly stated, the principle of CPD is that at a unique combination 
of temperature and pressure (the critical point) the fluid in the 
specimen becomes indistinguishable in density from the vapour phase 
above it. At the critical point the liquid/vapour interface, and thus the 
meniscus and its associated surface tension forces, disappears and the 
fluid can be removed as vapour. The critical point for water is so high, 
at 374°C and 21:8 x 10° Pa, that the specimen would be pressure- 
cooked (Robards, 1978; Boyde, 1978). Fortunately, liquids with much 
lower critical points can be used, such as carbon dioxide (critical point 
at 31°C and 73 x 10°Pa) and some halocarbons (Cohen et al. 
1968; Robards, 1978). Carbon dioxide is the cheapest and least 
environmentally objectionable of these materials, and is in almost 
universal use. Liquid CO, is immiscible with water under the required 
conditions for CPD, and specimen water must be exchanged with an 
intermediate fluid such as ethanol or acetone (see Section 8.2.3.5). The 
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dehydrated specimen, still covered with the intermediate fluid, is 
transferred to a small pressure vessel and the closed chamber is filled 
with liquid CO, from a gas cylinder fitted with a syphon tube. The 
intermediate fluid (ethanol or isoamyl acetate) fluid will dissolve in 
the transition fluid (liquid CO) and can be bled out of the system by 
arranging for a through-flow of liquid CO. Filling and flushing of the 
chamber with liquid CO, is essential, and the chamber should be 
cooled below normal room temperature, to about 15°C by passing cold 
tap water through the cooling/heating jacket before specimen loading. 

Once flushing is complete (it may need to be repeated several times 
over about 1h for large specimens) all inlet and outlet valves are 
closed tight, and the chamber temperature is raised a few degrees 
Centigrade above the critical point to about 37°C. The pressure in the 
vessel will increase to about 7-6 x 10° Pa (1100 psi) and the liquid/ 
vapour interface will be seen to ‘dissolve’. At this point the gas can 
be bled away by opening a chamber valve. This must be done very 
gradually, over periods up to 10 or more minutes, for two reasons. 
First, to prevent recondensation of the gas due to adiabatic cooling. 
Secondly, large specimens, such as stem segments, will tend to trap 
liquid COs, will puff up like popcorn or disintegrate into fragments 
if the pressure release is too rapid. 

Following CPD the specimen may well be highly hygroscopic, and 
all the good work will be destroyed if it reabsorbs moisture from the 
room atmosphere. Specimens thus need to be transferred as quickly 
as possible to a desiccator for storage. 


8.2.3.5. Solvent Dehydration 


For SEM purposes the main objective of solvent dehydration is to 
substitute specimen water with an intermediate fluid miscible with 
the transitional fluid (commonly liquid CO3) from which the specimen 
will be critical-point dried. Ethanol is widely used in dehydration of 
specimens for TEM and SEM and many workers routinely use it as 
the intermediate fluid for CPD (see e.g. Fig 8.19). However, ethanol is 
poorly soluble in CO,, and, for CPD, ethanol-dehydrated specimens 
are sometimes infiltrated with isoamyl acetate, which is more miscible 
with liquid CO. This may be necessary to extract ethanol from large 
botanical specimens. However, acetone, which is miscible with CO, 
and water, provides the simplest solution because dehydration can be 
performed directly in it. It is also more environmentally friendly than 
isoamyl] acetate, the use of which involves two solvent exchange steps 
with little discernible advantage. Solvent exchange should occur 
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gradually to avoid forming major concentration gradients across the 
specimen. This is especially important when dehydrating large (>1 mm 
diameter) specimens. It should be emphasized that the driest possible 
grades of acetone or ethanol should be used, and this demands routine 
use of frequently regenerated molecular sieves in solvent stock bottles 
and firmly closed containers throughout final dehydration. 


8.2.3.4. Chemical Dehydration 


Dehydration for SEM can be performed chemically by using 2,2- 
dimethoxypropane (DMP) which reacts exothermically with water 
below pH 60, producing methanol and acetone as reaction products 
(Johnson et al., 1976; Lin et al., 1977; Maser and Trimble III, 1977; 
Samson ef al., 1979; Read et al., 1983). Other chemical dehydrating 
agents which have been successfully used in a similar way are 2,2- 
diethoxypropane (Lin et al., 1977) and 2-methoxyethanol (Samson et 
al., 1979). Because dehydration in these reagents is very rapid (usually 
performed in 5-15 min), this method avoids the need for lengthy 
immersion in organic solvents and provides better preservation of 
soluble extracellular materials. However, it has been noted that Sordaria 
perithecia tend to collapse in DMP (Read et al., 1983) which may reflect 
the more severe shrinkage which occurs in this dehydrating agent 
compared with ethanol (Boyde et al., 1977). DMP is a suitable 
intermediate fluid for CPD in CO, (Johnson et al., 1976) so that 
replacement with acetone or amyl acetate before CPD is unnecessary. 

An interesting new use for this reagent is as a component of freeze- 
substitution fluid formulations. This not only enables the chemical 
removal of dissolved specimen water but also eliminates water from 
the substitution fluid (e.g. if aqueous glutaraldehyde has been added 
to it) (Kaeser, 1989). 


8.2.4. Exposing Internal Specimen Structure 


The internal structure of tissues, cells and organelles can be exposed 
for ATSEM by freeze-fracturing preceded or followed by a variety of 
possible processing routes which may include chemical fixation, freeze- 
substitution, embedment in resins (not necessarily polymerized) or 
other support matrices, or chemical etching of cytoplasmic materials 
or embedding matrices. 

Woods and Ledbetter (1976) impregnated corn (Zea mays) root tips 
with osmium by the OTO process (Seligman et al., 1966; Kelley et al., 
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1973). After infiltration with epoxy resin monomer, used primarily to 
give the tissue temporary hardness and support during fracture thus 
ensuring clean fracture surfaces, the roots were freeze-fractured with 
a liquid nitrogen-cooled knife, the resin removed with acetone and 
the specimens critical-point dried. Spectacular views of organelles 
were obtained in this way, and it was shown that with animal tissue 
the 2 unit membranes and the nuclear pores could be resolved. A 
number of variants on this theme have been published. Woods and 
Ledbetter (1976) attributed their views of organelles to considerable 
beam penetration and a strong SE image from the osmium-rich 
subsurface structures. 

A significant technical development has been the use of prolonged 
incubations (up to 14 days at 4°C) in dilute osmium tetroxide solutions 
to macerate the cytoplasm of osmium tetroxide-fixed and freeze- 
fractured specimens in order to expose organelles (Tanaka, 1980; 
Tanaka and Naguro, 1981). Barnes and co-workers using FESEM, have 
used the cytoplasmic maceration method to good effect in the imaging 
of chloroplast ultrastructure (Barnes and Blackmore, 1984) and the 
three-dimensional arrangement of organelles such as the endoplasmic 
reticulum in pollen grains of Catananche caerulea (Figs 8.17 and 8.18; 
Barnes and Blackmore, 1986, 1988; Blackmore and Barnes, 1988; Barnes, 
1990). 

Yamada et al. (1983) and Murakami et al. (1985) imaged the prolamellar 
bodies of squash etioplasts by FESEM, producing images with 
resolution which compares favourably with that of sections for TEM 
(Figs 8.19 and 8.20). Their method involved homogenization of 
the tissue, isolation of the prolamellar bodies from etioplasts by 
centrifugation on a sucrose density gradient, osmium fixation followed 
by conductive staining in 4% uranyl acetate, dehydration in ethanol, 
freeze-fracturing in ethanol cooled by Freon to —150°C, thawing in 
absolute ethanol and CPD of the thawed fragments from CO, without 
using amyl acetate. The specimens were rotary coated with a 2nm 
film of 95:5 platinum—carbon. 

Because the range of cross-linking reactions in conventional chemical 
fixation is very restricted, some types of structures are poorly preserved. 
Fineran and Condon (1988) found that the pressurized contents of 
laticifers of Convolvulus cneorum and Calystegia silvatica were lost, or 
reduced in amount, by bleeding when tissue was excised from the 
plant. The latex was solvent-extracted during processing for SEM by 
freeze-substitution in ethanol followed by CO, CPD from isoamyl 
acetate (Fig. 8.22). The latex was preserved, however, when tissues 
were frozen in situ on the plant with liquid nitrogen slush, freeze- 
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fractured and subsequently freeze-dried (Condon and Fineran, 1989, 
Figs 8.21 and 8.23). 


8.2.4.1. De-embedment of Sectioned Specimens for ATSEM 


An alternative strategy for viewing internal structure of tissue by 
ATSEM is to remove the embedding matrix from a section of tissue, 
from a faced-off tissue block or from a fractured block-face. Paraffin 
wax can be removed from sections attached to gelatin-coated glass 
coverslips using xylene as a solvent, followed by rinsing in absolute 
acetone and CPD. Epoxy resins can be etched with methanolic 
sodium methoxide or 0-5% methanolic KOH (Russell and Daghlian, 
1985) again followed by washing and critical-point drying (Figs 8.24 
and 8.25). Embedding in high molecular weight polyethylene glycol, 
followed by dry sectioning and de-embedding was used by Nagele 
et al. (1983) to obtain correlative TEM and SEM information from 
chick embryos (see also Kondo and Ushiki, 1985). These possibilities 
have not been much used for SEM of plant tissues. However, Hawes 
and Horne (1984) and Hawes (1985) described an analogous method 
for de-embedding 1-2-um-thick PEG sections of maize roots, which 
were then examined by high-voltage TEM to produce high-quality 
stereo pairs. Interestingly, re-eembedment of the same specimens 
was also possible, showing that de-embedment and critical-point 
drying did not result in serious artifactual modifications. The 
principles and methodology described by Hawes and Horne (1984) 
should also be useful for botanical ATSEM studies. 


Figs 8.17 and 8.18. Catananche caerulea. A pollen grain at the early free microspore 
stage. High-resolution field-emission ATSEM shows details of intracellular organization. 
Fig. 8.17. General view showing three pollen grains fractured in different planes. 
Actively secreting tapetal cells contain stacked endoplasmic reticulum. Ramifying tubular 
ER is visible in the microspores. Bar = 5 ym. Fig. 8.18. Detail of a microspore showing 
the developing pollen wax (primexine), tubular ER, and the nuclear envelope, in which 
pores are clearly visible. Bar = 1 um. Preparation for ATSEM: 1°Fix (2-16 h 1% OsO,); 
Infiltrated with 50% DMSO; FF: (— 196°C); thawed into 50% DMSO. Cytoplasm macerated 
in 0:1% OsO, (14 days); 2°Fix: (1% OsO,, 1h; 2% aq. tannic acid, 16h; 1% OsO, 1h). 
Dehyd. (ethanol); CPD. (Reproduced, with permission from Barnes and Blackmore, 
1988.) 
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Figs 8.19 and 8.20. Cucurbita moschata Dutch var. melonaeformis. Prolamellar bodies of 
etioplasts isolated by sucrose gradient centrifugation from etiolated cotyledons. 
Specimens were prepared by the method of Yamada et al. (1983) (see Section 8.2.4 for 
an outline of the method). Fig. 8.19. High-resolution field-emission ATSEM image 
showing three hexagonal lattice planes of the paracrystalline prolamellar body. 
SEI (25 kV). Bar = 100 nm. Fig. 8.20. Transmission electron micrograph of an ultrathin 
section of a squash prolamellar body stained with uranyl acetate/lead citrate. 100 kV. 
Bar = 100 nm. (Reproduced with permission from Murakami et al., 1985.) 
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Figs 8.21-8.23. Calystegia silvatica (Kit.) Griesb. [ = C. sepium]. ATSEM of FF rhizome 
laticifers CF in situ. Fig. 8.21. Laticifer showing latex contents preserved in situ. FFD, 
SC: (Au); SEI (20 kV). Bar = 10 pm. Fig. 8.22. Chemically fixed laticifer. Latex has been 
extracted, although a gummy residue is still visible. 1°Fix: (OsO,); Dehyd. (ethanol); 
CPD; SC (Au); SEI (20 kV). Bar = 10 pm. (Figs 8.21 and 8.22 reproduced from Condon 
and Fineran, 1989 with permission of Oxford University Press.) Fig. 8.23. Detail of latex 
showing spherical particles, of which many have been cross-fractured. FFD; SC (Au); 
SEI (20 kV). Bar = 5pm. (Fig. 8.23 reproduced with permission from Fineran and 
Condon, 1988.) 
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8.2.5. Surface Replicas 


Before the advent of the SEM, surface fine structure was usually 
examined by TEM using surface replicas of evaporated carbon, which 
had been shadowed with platinum-—carbon to provide electron contrast. 
This approach is, of course, still used in freeze-etching for TEM 
(Fineran, 1978; Robards and Sleytr, 1985). Replica techniques devised 
by Bradley and Juniper (1957), Juniper and Bradley (1958) and Williams 
and Juniper (1968) were responsible for most of the data on plant 
surface ultrastructure up to the early 1970s. Although SEM is now 
used for most surface structure studies there are still some circumstances 
where replicas can contribute usefully to botanical SEM. If the coating 
applied to a specimen for SEM is sufficiently fine-grained it may be 
stripped from the sample and examined by TEM to give correlative 
information at higher resolution. Gold is not usually suitable for this 
purpose, although gold/palladium coatings from SEM specimens can 
produce good TEM images (Jeffree et al., 1976). 


8.2.5.1. Micro-relief Replica Methods 


Micro-relief replicas of plant surfaces have mostly been used to look 
at single preparations on a ‘one-off’ basis. However, in some 
circumstances they can be used as a powerful experimental approach 
in the study of dynamic processes (e.g. changes in stomatal aperture, 
leaf expansion, development of apical meristems) by the repeated 
production of replicas from the same living specimens. Micro-relief 
replica techniques have largely evolved from methods developed for 
light microscopy. In the earliest micro-relief replica studies solutions 
of nitrocellulose (Collodion) in organic solvents were applied to leaf 
surfaces and, after drying to a hard film, the replica was peeled off 


Figs 8.24 and 8.25. Allium cepa. Root cells showing stages in mitosis and cytokinesis. 
ATSEM of deplasticized sections. Stereo-labelled stereo-pairs (6° tilt). Rotate page 90° 
clockwise for viewing with a Nesh (Stereo-Vertrieb nesh, Munster, Germany) or similar 
prismatic viewer, or view normally with page upright. Fig. 8.24. Cell-plate (cp) with 
associated spindle fibres. Vesicles (v) occur within spindle assemblages. Bar = 1 um. 
Fig. 8.25. Obliquely-sectioned chromatids at late anaphase, showing the kinetochore 
(arrowed) and attached spindle fibres. Bar = 1 wm. Procedure for ATSEM: 1°Fix: CRAF 
(stock solutions of 1% chromic acid, 10% acetic acid, 37% formaldehyde mixed 10:7:3); 
embedded in epoxy resin. Sections (2—4 pm) attached to gelatin-coated microscope slides 
were de-embedded in 0.5% methanolic KOH/acetone/benzene (1:1:1), 30 min; CPD; 
SC (Au); SEI. (Reproduced from Russell et al., 1989 with permission.) 
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silicone 
impression polymer 


Fig. 8.26. Procedure for making a positive replica of a simple specimen surface from 
silicone rubber and epoxy resin. The specimen (a) is coated or covered with 
unpolymerized silicone impression compound (b). After setting the polymer forms a 
mould (c, negative replica). The mould is filled with epoxy resin monomer (d), which 
after hardening can be removed as a positive replica (e) (see Figs 8.27-8.29 for examples). 
(Redrawn after Green and Linstead, 1991.) 


(Buscalioni and Pollacci, 1901). Plastics, such as poly-methylmethacryl- 
ate (ICI ‘Perspex’) or polyvinyl formvar in chloroform, are now used 
for this purpose (Sampson, 1961; Gloser, 1967). Undesirable aspects of 
this method are that organic solvents used to solubilize the plastics 
may damage leaf surfaces, dissolving epicuticular and cuticular waxes, 
for example, and they may also induce changes in stomatal apertures 
by damaging cell membranes (Pemadasa, 1979). This method is 
therefore only useful in the production of ‘one-off’ replicas. 
Low-toxicity silicone polymer dental impression materials have 
largely replaced the use of solvent-based plastics solutions for primary 
replication, and can overcome some of these problems. Silicone replicas 
are often not deleterious to a specimen, thus permitting repeated 
replication and the study of dynamic processes (Glinka and Meidner, 
1968; Pemadasa, 1979; Weyers and Johansen, 1985; Smith et al., 1989). 
Using a two-stage process positive replicas can be made for SEM 
analysis, using cellulose acetate (Idle, 1969), nail varnish or epoxy 
resins in the second stage. Williams and Green (1988) used two-stage 
replicas made by casting Spurr’s resin in a mould of silicone dental 
impression material (GC EXAFLEX, a low-viscosity vinyl silicone, G- 
C Dental Industries Corp., Japan) (Fig. 8.26) to follow the growth of 
single apical meristem of Graptopetalum paraguayense. This technique 
has been developed further in conjunction with Andrée Havelange 
and Georges Bernier at the University of Liège (Figs 8.27-8.29). An 
ingenious extension of this approach developed by Green and Linstead 
(1991) addresses the problem of the formation of desiccation artifacts 
during the dissection of very delicate plant structures such as apical 
meristems. Although LTSEM might at first sight be a solution to this, 
some specimens become severely desiccated in the time taken to 


Figs 8.27-8.29. Anagallis arvensis. A single apical meristem showing three stages in 
development at 24-h intervals. Epoxy resin positive replicas cast in silicone polymer 
moulds, by the method shown in Fig. 8.26. SC (Au); SEI(20 kV). Bar = 25pm. 
(Reproduced by permission of P.B. Green, A. Havelange and G. Bernier, Département 
de Botanique, University of Liége, Belgium.) 
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Fig. 8.30. A procedure for replicating a complex structure with silicone rubber and 
epoxy resin. The structure is coated with silicone impression polymer (a) which 
polymerizes to form a reusable mould (b). Anchoring pins (b) are provided to facilitate 
eversion, allowing the interna! structure to be coated with resin without forming air- 
bubbles (c). After careful reversion (d) the resin polymerizes (e) and can be removed 
from the mould as a positive replica (f) (see Fig. 8.31 for example). (Redrawn after Green 
and Linstead, 1991.) 


dissect them for LTSEM. As the dissection proceeded Green covered 
each exposed structure with unpolymerized silicone rubber (Kerr 
Reflect; Kerr UK Ltd., Peterborough, UK), thus encapsulating it and 
preventing it from drying. By the time the dissection is completed the 
whole structure is encased in silicone polymer. After removal of the 
primary replica (see diagram, Fig. 8.30) a positive secondary replica is 
made by filling the mould with epoxy resin, using an eversion 
procedure to prevent entrapment of air bubbles. The results (Fig. 8.31) 
show very high-quality images of the morphology of the meristems, 
the cells having a ‘lifelike’ turgid appearance comparable with that in 
LTSEM images (see Fig. 8.32). 


8.2.5.2. Corrosion Casting 


Corrosion casting is widely used in studies of animal and human 
anatomy to replicate the internal structure of vascular and other duct 
systems (e.g. Burton and Palmer, 1989; Ditrich and Splechtna, 1989 
and references therein). The basic principle is that the vascular system 
is infiltrated by injection with an acrylic resin monomer which is 
subsequently polymerized to form a replica of the vascular system. 
After polymerization the tissue is removed using 5-10% NaOH or 
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Fig. 8.31. Antirrhinum majus. Stereo-pair of the inflorescence, showing a series of 
primordia of increasing age in plastochrons. Epoxy resin replica, produced by the 
complex-mould method shown in Fig. 8.30. SC (Au); SEI. Bar = 200 pm. (Reproduced 
with permission from Green and Linstead, 1991.) 


KOH. A similar approach has been described by Stieber (1981) for 
replication of the vascular systems of plants. Stieber used a polyester 
resin (Fellmodur Polyesterharz type 4 462 00, Steinheim-H6épfigheim, 
Germany), drawn into the vascular system by means of a water vacuum 
pump. After polymerization the tissue was removed by heating to 
86°C in concentrated nitric acid (alkali would hydrolyse polyester 
resins). Stieber reported that the excess resin at each end of the cast 
formed end-plates holding the individual vessel replicas in their in 
vivo positions. 


344 C.E. Jeffree and N.D. Read 


8.2.6. Specimen Handling and Mounting Techniques for ATSEM 


Specimens should, if possible, be cut under the primary fixative 
solution so that fixation begins immediately. For safety reasons vinyl 
gloves should be used, and work carried out in a fume hood to avoid 
inhaling fixative vapour. Cuticles, however thin, present a barrier to 
fixative penetration. If the organ is enclosed in cuticle, cutting it open 
or slitting it in an unimportant place so as to facilitate entry of the 
fixative should be considered. Alternatively, the fixative may be 
introduced via the transpiration stream, equivalent to the perfusion 
fixation of animal tissues. Vacuum infiltration may accelerate pen- 
etration of the fix, especially if a large proportion of the tissue is 
intercellular space. The smaller the sample the better will be the 
preservation of internal structure. Good preservation by glutaraldehyde 
fixation requires that the maximum specimen dimensions should be 
1-2 mm, or less if a cuticle is present. Large specimens may be well- 
fixed only at their surfaces. However, if the specimen is not to be 
fractured open or carried forward to other correlative microscopic 
procedures an unseen poorly fixed centre can be tolerated for SEM. 
Compression during cutting causes tissue disruption and damage 
to the specimen surface. An absolutely pristine, degreased razor blade 
should be chosen for cutting, and slicing, rather than chopping actions 
should be performed. Tissue should not be handled with tweezers, or 
crushing damage will result, however gently done. A fine, soft brush 
or a platinum wire loop can be used to move and manipulate tissue. 
Small (e.g. 1-2 mm) tissue blocks can be processed easily in watch- 
glasses, changing the solutions by pipetting. Alternatively, either tissue 
blocks or smaller specimens can be handled in porous capsules during 
processing. Porous processing capsules made of sintered polythene or 
polypropylene mesh are available commercially, but they are easily 
improvised from fine stainless steel gauze or fine nylon mesh fabric 
heat-welded with a hot-plate onto short lengths of plastic tubing. A 
frit of sintered glass or porous polythene fitted behind the nozzle of 
1 or 5 ml syringe makes a specimen chamber allowing very convenient 
exchange of processing media. The advantages of these methods are 
that delicate specimens can be protected from mechanical damage 
during processing, and the specimens never need to be individually 
picked up or touched. Furthermore, batches of specimens can be 
processed simultaneously under identical conditions enhancing com- 
parability of results. Porous processing capsules can be used in all 
processing steps including CPD. Small paper labels can be placed in 
each capsule to record specimen identity. A graphite pencil should be 
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used. Ballpoint ink will be extracted during solvent dehydration, but 
even when paper is blackened in a PATOTO process (see section 8.2.2) 
pencil marks are still visible. 


8.2.6.1. Handling Methods for Small Specimens 


Special problems arise in the handling of specimens small enough to 
be invisible (e.g. single cells or protoplasts) during chemical processing, 
dehydration, freeze-fracturing and mounting for ATSEM. Various 
solutions are available for this problem. First, cells and protoplasts can 
be pelleted by gentle centrifugation (e.g. into the pointed end of an 
Eppendorf tube), to facilitate exchange of fixative solutions and 
dehydrating solvents (Burgess et al., 1977, 1978). The porous processing 
capsule approach can be adapted for microscopic specimens by using 
solvent resistant membrane filters (Marchant, 1973) made of nylon, 
PTFE or polycarbonate. Solvent exchange by diffusion will normally 
be very slow through these, but unidirectional mass flow through a 
filter held in a Millipore Swinnex or equivalent filter holder can be 
obtained by delivering reagents and solvents from a disposable syringe. 

Handling of cells and protoplasts is greatly simplified if they can be 
attached to a substratum such as a coverslip before processing. 
Cells may stick to nylon or cellulose acetate membrane filters, and 
glutaraldehyde fixation may strengthen the cross-linking. Alternatively, 
binding of cell surfaces to inorganic supports such as glass coverslips 
can be encouraged using poly-L-lysine (Doonan and Clayton, 1986). 
The coverslips are first cleaned with concentrated nitric acid, washed 
thoroughly in water and then acetone, coated with 400 wl of 0-1 mg ml! 
poly-L-lysine hydrobromide, molecular weight 150 000-300 000 (e.g. 
Sigma P-1149) and allowed to dry. Covalent cross-linking between 
inorganic supports and cells can be achieved by treating dry, acid- 
cleaned coverslips for 2-3 min with 3-aminopropyltriethoxysilane (e.g. 
Sigma A-3648). The silane covalently binds to oxide or hydroxide 
groups at the surface of glass (silanol groups) or metal oxides (e.g. 
alumina, anodized aluminium), coating the inorganic surface with 
alkylamine groups. When derivatized with the bifunctional reagent 
glutaraldehyde, these allow cells to be covalently cross-linked to 
substrates via amines at their surfaces (Weetall, 1986; Doonan and 
Clayton, 1986). 

Cells can also be immobilized by entrapment in gels formed in a 
variety of ways. Molten gels of gelatin or 1% low-gelling-point agarose 
(e.g. Sigma Type VII, A-4018: which gels at < 30°C) can be used. An 
alternative principle is to mix cells with a solution of sodium alginate 
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(20-40 g litre~’) and drip the suspension into a bath of 0-1-0-5m CaCl, 
where the polysaccharide is gelled by cross-linking with Ca?* ions 
(Mattiasson, 1982). Gels formed from mixtures of equal parts of 2% 
chitosan and 10% gelatin have been used to entrap cells so that they 
could subsequently be freeze-fractured (Fukudomé and Tanaka, 1985; 
Barnes, 1990). Chitosan can be chemically cross-linked with glutaral- 
dehyde, and will form a glutaraldehyde cross-linked copolymer with 
gelatin which is not susceptible to extraction by the osmium maceration 
technique (Tanaka, 1980; Tanaka and Naguro, 1981). 


8.2.6.2. Specimen Mounting 


Specimens for ATSEM are often mounted on stubs using double-sided 
adhesive tape. This can be a solution to mounting flat specimens of 
large area, such as leaves, but the instability of the adhesive layer in 
the electron beam causes problems with small specimens. Mounting 
in a thin layer of a solvent-based adhesive can be performed, but the 
adhesive should be chosen with care. The product known as Durofix 
by Rawlplug is excellent, because of its viscosity and capacity to dry 
to a hard layer, but is now difficult to obtain, having been replaced 
by adhesives which dry to more flexible films. Problems will arise if 
the solvent is absorbed by the specimen or outgasses into evacuated 
sputter coater or microscope chambers. Epoxy resin adhesives, such 
as rapid-setting Araldite, are usually preferable. One particular 
advantage of the use of a solvent-based plastic adhesive is that it can 
dry to a very smooth surface which produces little SE signal, thus 
enabling small objects such as pollen grains to be viewed against a 
maximally black, featureless background. Another way of achieving 
the same end is to tilt the specimen so that it is seen against the 
background of the depths of the specimen chamber (Fig. 8.33). 

Mounted specimens must be provided with effective electrical 
pathways to earth via the specimen stub. Silver dag (Electrodag 915 
High conductivity paint, Acheson Colloids Co., Plymouth, UK) dries 
to a conductive film which can be painted onto the base of the 
specimen so as to form an electrical connection to earth. 


8.3. LOW-TEMPERATURE SCANNING ELECTRON MICROSCOPY 


Specimen processing for ATSEM can produce a wide repertoire of 
artifactual changes in specimen structure arising from chemical fixation 


Figs 8.32 and 8.33 Silene coeli-rosa. Flower primordia at two stages of development, 
showing anthers (one marked A), and the locules of the developing gynoecium (one 
arrowed). LTSEM: CF (SCN;); PFD; SC (Au); SEI (10 kV). Bar = 50 um. Fig. 8.33. 
Geranium sanguineum var. lancastriense. Stigma, with attached pollen grains showing 
large depth of focus (~2:5 mm) obtained by using a long working distance (40 mm) and 
a small final aperture (10 um). LTSEM: CF (SCN,); SC (Au); SEI (10 kV). Bar = 200 um. 
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(see Section 8.2.2), removal of water (see Section 8.2.3) and extraction 
of soluble components during chemical fixation and drying via solvents 
(see Sections 8.2.2 and 8.2.3.3-8.2.3.4). These problems are overcome 
by LTSEM which allows the lifelike appearance of biological materials 
to be preserved and recorded in a fully hydrated and chemically 
unmodified state. LTSEM involves the examination of biological 
material at temperatures below ambient. Typically the term refers to 
SEM performed at specimen temperatures between — 100°C and —175°C, 
but higher temperatures have also been used (e.g. Kaneko et al., 1985). 

LTSEM was first performed by Thornley (1960) who examined frozen- 
hydrated rat villi. Subsequent development of LTSEM was by Echlin 
and co-workers during the late 1960s (Echlin et al., 1970). The first 
commercial integrated cryopreparation and examination system for 
LTSEM was produced by EMscope from designs and concepts 
developed by Robards and co-workers (Robards and Crosby, 1979). 
Other commercial systems available in the 1970s were much cruder, 
and/or were designed to interface with a single type or make of 
scanning electron microscope. However, it was not until the 1980s that 
LTSEM became a routine facility in many laboratories. This was 
primarily a consequence of the commercial availability of several well- 
developed cryopreparation systems (Beckett and Read, 1986; Read and 
Jeffree, 1991). 

The preparation of frozen-hydrated (FH) specimens for LTSEM 
involves three main operational phases: (1) cryofixation; (2) fracturing 
and/or partial freeze-drying (PFD) and/or coating; (3) examination and 
analysis in the scanning electron microscope at low temperature 
(Beckett and Read, 1986; Read and Jeffree, 1991). LTSEM is highly 
versatile, and allows for the integration of a wide variety of associated 
specimen handling and treatment protocols, used either before or after 
any of these main steps. Figure 8.34 indicates some of these possibilities 
in the form of a flow diagram. It shows, for example, that cryofixed 
specimens can be stored in the FH state either before or after 
observation in the scanning electron microscope. Although specimens 
are commonly cryofixed without prior treatment, there is no prima 
facie reason why they should not previously have been subjected to 
an immunocytochemical, cytochemical or other procedure. Following 
examination by SEM a well-cryofixed specimen can be freeze- 
substituted and embedded in plastic for sectioning, and the whole 
gamut of staining, cytochemical and immunocytochemical procedures 
available for use on sections for LM and TEM may be applied. 
Alternatively, the FH specimen may be dried for ATSEM by freeze- 
substitution, followed by critical-point drying, or by freeze-drying. 
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Fig. 8.34. Flow diagram indicating: (i) Common preparation protocols for LTSEM 
(shaded boxes and solid arrows). (ii) Correlative links between LTSEM and other 
preparation protocols for botanical microscopy (dotted boxes and arrows). The basic 
concept underlying and suggested by this diagram is that, following examination by 
LTSEM, an optimally cryofixed bulk specimen is suitable for onward processing by a 
variety of routes for LM, TEM or ATSEM. 
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The routes indicated in Fig. 8.34 are intended to stimulate thinking 
about these possibilities rather than to comprise an exhaustive 
list. These procedures provide considerable potential for correlative 
observations to be made on the same material (see Section 8.6.1.1). 


8.3.1. Hardware for LTSEM 


Cryopreparation equipment for LTSEM may be either dedicated or 
non-dedicated (Robards and Crosby, 1979; Beckett and Read, 1986). 
Dedicated cryopreparation systems are directly mounted onto the 
microscope specimen chamber. The specimen preparation chamber 
may be separately pumped with a rotary or turbo-molecular pump, 
but the key feature of these systems is that the specimen is transferred 
between the cooled preparation stage and the cooled scanning electron 
microscope specimen stage via a common very efficiently pumped 
chamber space. 

The non-dedicated system stands alone from the microscope chamber. 
Normally a rotary pumped transfer device is used to transfer specimens 
between the cryopreparation chamber and the microscope cold-stage 
via interfaces equipped with gate valves. This has certain practical 
advantages (see later), but some technical disadvantages. A non- 
dedicated system represents more potentially faulty gate valves to leak 
water vapour, more uncooled transfer chamber and interface surfaces 
coated with adsorbed atmospheric water vapour, and more opportunit- 
ies for operator error and specimen-contamination accidents during 
transfer. In practice, the non-dedicated system can give good results 
for low-resolution LTSEM at magnifications up to about x104. For 
high-resolution LTSEM the non-dedicated system is probably not the 
system of choice, primarily because very rigorous protocols for 
preventing specimen contamination become increasingly important 
(see also comments in Section 8.7). It is interesting to note that the 
SCU 020 system produced by Balzers, a company whose name is 
inextricably linked with freeze-etching technology, is a dedicated 
design, in which the specimen stage is integral with the preparation 
system (Müller et al., 1986; Walther et al., 1991). 

A wide range of commercial, dedicated and non-dedicated cryopre- 
paration equipment is available to interface with most types of SEM. 
Dedicated systems include the E7400 (Biorad, Hemel Hempstead, UK), 
CT1500 Cryotrans (Oxford Instruments Ltd, Oxford, UK), K1250 
(Emitech, Ashford, Kent, UK) and the SCU 020 (Balzers Union, 
Liechtenstein, Germany). Non-dedicated systems include the SP2000A 
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and E7450 (Biorad Microscience Division, UK) and the CP2000 (Oxford 
Instruments Ltd, UK). The Biorad SP2000A is the same as the SP2000A 
until recently marketed by EMscope, and which evolved from the 
EMscope SP2000 which we use in our laboratory. 

For medium-resolution LTSEM standard ATSEM stages are usually 
adapted by replacing their interchangeable specimen-holder modules 
with a temperature-controlled cold-stage module. In most machines 
this exchange only takes a few minutes. Cooling of the cold-stage 
module can be performed (1) by conducting heat away via flexible 
copper braid to an external LN, dewar, (2) by passing liquid nitrogen 
or cold nitrogen gas through the specimen stage, or (3) by means of 
the Joule-Thompson principle (Robards and Sleytr, 1985). Electrical 
cooling would offer a promising approach obviating the need for 
mechanical and thermal couplings between the exterior and interior of 
the microscope column, but unfortunately Peltier-effect thermoelectric 
cooling devices are not available for temperatures below about ~60°C. 

It is essential to have control of specimen temperature on the 
microscope cold stage, primarily for purposes of specimen etching or 
partial freeze-drying under visual control. Specimen temperature can 
conveniently be raised electrically to equilibrate with the cooling effect 
of the cryogen by means of a resistive heater built into the stage. 

Most commercial cryopreparation systems for LTSEM are pumped 
with rotary vane vacuum pumps to relatively modest vacuum (0:13 Pa). 
For high-resolution work it is desirable to pump all chambers more 
efficiently (e.g. by using a turbomolecular pump) to maintain pressures 
below 1:32 x 10°? Pa, in order to reduce the risks of contamination 
with ice, hydrocarbons and other volatiles. It is also beneficial, despite 
the claims of manufacturers, to work at pressures below 1:32 x 1074 Pa 
when coating with evaporated carbon (Brooker, 1989), platinum/carbon 
or refractory metals. 


8.3.2. Mounting Specimens for LTSEM 


The standard stubs provided with LTSEM systems can be readily 
modified, enabling adaptations to suit particular specimens, handling 
techniques such as fracturing, cryospecimen storage and special 
experimental procedures. A useful and simple modification of a flat 
stub surface is to cut grooves into it, enabling leaves to be stood on 
edge for subsequent transverse fracturing (Fig. 8.35b). Shallow drilled 
holes enable conifer needles or small stems and roots to be mounted 
(Fig. 8.35a). If a screw thread is provided (Fig. 8.35j, v, w) the holes 
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Fig. 8.35. Mounting and handling methods for LTSEM specimens. (a) Mounting in drill- 
holes. Useful for roots or other cylindrical objects. (b) Mounting in slots. Can be used 
for transverse cryofracture of leaves or tissue slices. (c) Specimen stuck to a low-mass 
aluminium rivet which is mounted in a hole in the stub. A small drill-hole at the base 
of the rivet-mounting hole prevents ejection of the rivet by expanding gas when 
pumped. (d) A simple screw-clamp for stems etc., cryofixed separately, and mounted 
on the stub under liquid nitrogen. (e) A miniature vice for clamping blocks of tissue 
cryofixed separately, and mounted on the stub under liquid nitrogen. (f) A tissue or 
agar block mounted on a roughened stub surface. Tissue-Tek may optionally be used 
as an adhesive. (g) An epidermal strip mounted in film of buffer on a roughened stub. 
A similar approach may be used for cell suspensions. (h) Specimen storage pallets 
attached to the main specimen stub by means of a dovetail slide (left) and spring rails 
(right, van Gardingen et al., 1989). (i) Waxy-surfaced leaf specimen stuck down on a 
roughened stub using edge-clamps of frozen Tissue-Tek. (j) Angle-strips and screws 
used for the mechanical attachment of a specimen or its mount (e.g. a coverslip). Figs 
8.35(k-z) show how specimens may be mounted for fracturing. Arrows indicate where 
force is applied to specimen using a precooled probe or knife. (k, m) Configurations 
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can also form mounting points for small accessories such as hinges 
for complementary fracturing (see Section 8.3.4). In our laboratory, we 
often attach accessories to standard EMscope stubs (Beckett and Read, 
1986) using Wood’s metal (Aldrich 24,410-4: Bi 50%, Pb 25%, Sn 125%, 
Cd 125%) as a low-temperature solder (melting point ~70°C). Soldering 
provides the maximum thermal coupling between specimen stub and 
accessories, which is particularly important during heating and cooling 
operations such as for etching. The accessory can subsequently be 
detached from the stub by warming to above 70°C in hot water, or 
with a hot air blower. 

The large mass of the standard specimen stub produced for the 
BioRad SP2000A (formerly EMscope SP2000A) may reduce cooling rates 
of specimens during cryofixation, and it can be useful to perform 
cryOfixation on smaller mounts with lower mass (e.g. aluminium rivets, 
Type Din 66 AM 2x6, Tereka, BU, Amsterdam; Fig. 8.35c; or a small 
specimen holder Fig. 8.35z) which are subsequently attached to the 
main stub. 


Fig. 8.35. Continued 

for obtaining fractures clear of the specimen stub surface: (k) employs a mound of 
Tissue-Tek which forms a fulcrum when frozen, (m) a paper or plastic straw used for 
the same purpose (see also (r) and (s)). (n) Longitudinal fracture of a cylinder mounted 
in a slotted stub. (0, p, q) Methods for fracturing liquids or cell suspensions: (0) An 
inverted rivet placed above a hole in stub is filled with liquid specimen and fractured 
away after cryofixation, (p) A hole in the stub is overfilled with mound of liquid. (q) 
Liquid mounted in scored glass tube or straw. Methods involving enclosure will retard 
specimen cooling. (r, s) Methods for predetermining the fracture point of flat or 
cylindrical specimens: (r) A sharp fulcrum allows the cryogen access to the whole 
specimen except at the point of contact with the stub. (s) A metal upright will retard 
specimen cooling at contact surface. (t) Paradermal fracturing of, for example, a leaf by 
chipping from an edge with a cooled knife. (u) Paradermal fractures can be made by 
lifting a copper gauze V which has been stuck to the specimen surface with cryo- 
adhesive. (v, w) Complementary transverse fracturing with a hinge: (v) shows starting 
configuration, (w) shows closed position with complementary fracture faces (Jeffree et 
al., 1987; Beckett and Porter, 1988; see Fig. 8.43a,b). A solid hinge will retard cooling at 
the contact surface. This effect could be reduced by having a space between the two 
halves of the hinge in the central region allowing the cryogen access to both sides of 
the specimen. (x, y) Complementary paradermal fracturing of a leaf using a hinge: (x) 
Shows the starting position with the leaf enclosed in the hinge, (y) shows the open 
position with the fracture surfaces exposed (Jeffree et al., 1987). High-conductivity, low- 
mass hinges should be used to minimize retardation of specimen cooling rates. (z) 
Shows a stub modified to allow access to the in-lens position for high-resolution SEM. 
The specimen support pillar is threaded to accept a variety of specimen handling 
accessories (after Wergin and Erbe, 1989). 
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Wergin and Erbe (1989) described a variety of adaptations of the 
EMscope stub. They designed a modified form with a threaded base 
which could accommodate a wide range of accessories, many made of 
gold, such as rivet holders and hinged or hingeless fracturing systems 
(Fig. 8.35z). Their modifications provided a means for performing 
high-resolution LTSEM by allowing the sample to be examined at very 
short working distances or in the ‘in-lens’ position. They also described 
a simple and convenient stub modification which allows standard 
Cambridge pin stubs to be mounted, thus making it unnecessary to 
remove the cold stage from the chamber every time ambient- 
temperature operation is required. Most of the stub modifications 
described in Fig. 8.35 can readily be adapted to any particular stub 
design, and specific stub designs are not represented. 

Criteria to consider when choosing a specimen mounting technique 
for LTSEM are that (1) the specimen is securely held, (2) there is good 
thermal contact between specimen and stub, (3) good electrical 
pathways between specimen surface and earth are provided via the 
coating layer, (4) that the mounting adhesive does not cause damage 
to the tissue (aqueous adhesives are preferred to organic solvent-based 
ones), and (5) the adhesive does not penetrate specimen air-spaces 
(unless this is specifically desired as an aid, for example, to fracturing). 

Tissue specimens for LTSEM must be secured to the specimen mount 
either by a mechanical procedure such as clamping (see Fig. 8.35d, e, 
j) or by using a cryo-adhesive (Fig. 8.35f, g, i, k). Tissue-Tek O.C.T. 
compound (Miles Laboratories Inc., Naperville, Illinois, USA) is a 
commonly used adhesive for LTSEM. Developed for mounting tissues 
in a cryostat, it forms a strong, wax-like solid when frozen, and has 
the right sort of viscosity for convenient handling. A disadvantage is 
that it has poor electrical conductivity, and thermal conductivity may 
also be poor. These properties can be improved by blending Tissue- 
Tek with graphite dag or with graphite or metal (e.g. aluminium) 
powders. Tissue-Tek will not bond strongly to waxy cuticles placed 
flat on a stub, and some mechanical adjunct may be needed. This can 
be achieved quite simply by painting a rim of Tissue-Tek round the 
edge of the leaf, which when frozen solid acts as a bracket (Fig. 8.35i). 
In some recent work we successfully mounted epidermal strips of 
Commelina ina film of the incubation medium (100mm KCI, 20mm MES, 
pH 6-0) used to investigate stomatal responses to ABA (Fig. 8.35g). 

Suspensions of cells in a liquid (e.g. buffer or nutrient medium) will 
usually attach quite strongly to the specimen mount as the liquid 
matrix freezes solid. Adhesion is encouraged by absolute cleanliness 
of the metal (ultrasonicate stubs in Quadralene before use, rinse in 
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water, then ethanol, and dry by evaporation) and by roughening the 
metal surface of the mount (Fig. 8.35f, g, i). An even more secure 
approach is to drill small holes or depressions in the mount surface, 
which can be overfilled with liquid, allowing a protruding section of 
the specimen to be cryofractured away (Fig. 8.35p). 

Cell suspensions and other liquid specimens can be mounted in a 
rivet inverted over a drilled hole in the specimen stub (Fig. 8.350). 
After cryofixation the rivet can be fractured away producing a clean 
cryofracture surface level with the stub surface, an ideal configuration 
for achieving maximum coating performance. An undesirable attribute 
of this approach is that the metal rivet will slow down rates of 
cryofixation. 

Alternatively, excess liquid, which when frozen will mask cell 
surfaces, can be removed by mounting a drop of a cell suspension on 
a small piece of Millipore filter (0-3 um pore size) overlying a similar 
pad of Whatman No. 1 filter paper that is attached to the stub by a 
thin film of Tissue-Tek (Beckett and Read, 1986). 


8.3.3. Cryofixation 


In order for frozen-hydrated samples to be prepared and subsequently 
processed for LTSEM they need first to be cryofixed. The aim of 
cryofixation is to arrest and stabilize the structure, processes and 
composition of biological material by rapid removal of thermal energy 
(i.e. by freezing). It is important to freeze specimens as rapidly as 
possible to minimize ice crystal artifacts (see Section 8.3.1.1). The 
principle objective for the attainment of maximum cooling rate is to 
reach and maintain the highest possible heat flux across the interface 
between the specimen and cooling environment (Elder and Bovell, 
1988). To this end, a large body of literature on cryofixation methods 
for electron microscopy has developed (see Chapter 7). 

The standard method of cryofixation for LTSEM is to plunge the 
specimen into liquid nitrogen (— 196°C) or subcooled nitrogen (nitrogen 
slush) close to the freezing point of nitrogen at —210°C. Subcooled 
nitrogen is a more efficient coolant, because in liquid nitrogen a 
boiling film of liquid in contact with the warm specimen envelopes it 
in a stable insulating gas layer which retards cooling. This ‘Leidenfrost’ 
effect is absent in subcooled nitrogen for a few critical seconds as the 
specimen is cooled rapidly below its freezing point (Robards and 
Sleytr, 1985). Liquid nitrogen is a cheap (currently cheaper than bottled 
drinking water!) and relatively safe cryogen. Alternative cryogens 
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which have been used to provide rapid cooling of small samples for 
LTSEM are liquid propane at —189°C (Muller ef al., 1988; Van Aelst et 
al., 1989; Walther et al., 1991) and liquid ethane, the most efficient 
liquid cryogen currently known (Bald, 1984; Ryan et al., 1987, 1990). 
Slam-freezing against a liquid nitrogen or nitrogen slush-cooled copper 
block has also been employed (Jeffree et al., 1987). Despite some 
impressive improvements in the cooling rates of thermocouples using 
these coolants compared with liquid nitrogen (Robards and Sleytr, 
1985), the practical results obtained from cryofixation of bulk tissues 
all show ice crystallization artifacts beyond a few micrometres depth 
into the tissue (see Section 8.3.1.1, Fig. 8.58). Ultimately, even if the 
rate of heat withdrawal across the specimen surface were infinite, the 
practical limit to cooling rate is set by the thermal conductivity of ice, 
and by the exotherm produced by the release of latent heat of fusion 
of water (Robards and Sleytr, 1985; Ryan et al., 1987). A 1:375-mm 
diameter hydrated gelatin specimen plunged into liquid ethane cooled 
at 1496°C s~' (Ryan et al., 1987), and this rate is probably close to the 
attainable limit in cryogens at ambient pressure. 

A solution to this problem is offered by hyperbaric freezing, which 
permits specimens up to about 05mm in diameter to be frozen without 
ice crystallization artifacts (see Chapter 7). Specimens are frozen in 
liquid nitrogen at 2100 bar (2:1 x 10° Pa). At this pressure the freezing 
point of water is maximally depressed, to —22°C, and ice crystal 
nucleation and growth are also suppressed. The critical freezing rate, 
above which visible ice crystallization occurs, is reduced from >10° 
to about 2 x 10*K s7! (Moore, 1973; Riehle and Héchli, 1973). In 
biological tissues the cryoprotectant effect of cytosolic constituents 
may reduce the critical freezing rate still further, so that in biological 
tissues, cooled at approximately 500°C s `!, the quality of preservation 
can be excellent. One problem with freezing botanical tissues containing 
intercellular air spaces by hyperbaric freezing is that they can collapse 
under the high pressure. This can be overcome by infiltration with a 
liquid. Studer et al. (1988) infiltrated apple leaves with 5% methanol, 
giving a mild cryoprotection without detectable structural alteration, 
but the use of an inert liquid such as silicone oil or 1-hexadecene may 
be preferable (Studer et al., 1989). A commercial high-pressure freezing 
apparatus, Balzers HPM 010 (Balzers Union AG, Liechtenstein), is now 
available and capable of producing a high yield of well-frozen 
specimens (Studer et al., 1988, 1989). 

High-pressure freezing and other ultrarapid freezing methods hold 
promise for developing the full potential of high-resolution SEM, 
particularly where the internal structure of large specimens must be 
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studied. However, none of the results published to date in LTSEM of 
plant and fungal specimens have provided preservation of external 
morphology convincingly superior to that obtained by plunging into 
subcooled nitrogen. For many purposes, therefore, the comparatively 
low cost and safety of nitrogen slush, coupled with ease of specimen 
handling will continue to make it the cryofixation technique of choice 
for most applications. 

Once frozen, the specimen is handled in such a way as to 
reduce surface contamination with condensed water vapour or other 
atmospheric constituents. This involves transferring the sample either 
under liquid nitrogen or in an evacuated transfer device to the main 
preparation chamber or to the specimen stage of the microscope. Cold 
traps situated above the specimen in the preparation and SEM 
chambers help to reduce surface contamination, but they will only be 
effective if their temperature is lower than that of the specimen. A 
shrouded specimen stub which enables total enclosure of the specimen 
during transfer is provided with the Biorad SP2000A system. The use 
of this is recommended, but for low- or medium-resolution work it is 
usually possible to transfer unshrouded specimens without visible 
contamination (Beckett and Read, 1986; van Gardingen et al., 1989). 


8.3.4. Freeze-Fracturing, Complementary Fracturing and 
Micromanipulation 


Specimen fracturing and dissection (a form of fracturing) or honing 
are used in order to expose the internal organization of cells or tissues 
in a plant organ. Normally these operations are performed in the main 
preparation chamber of the cryopreparation unit. The specimen is 
mounted on the cold stage and can be manipulated using various 
tools, such as pointed probes, knife blades, hooks, etc. which should 
be pre-cooled, for example by storage in contact with the cold stage. 
During manipulative procedures in the Biorad SP2000A system the 
specimen is usually mounted so that it can be accessed and viewed 
through a window in the shroud of the cold stage used to minimize 
contamination of the new fracture surfaces. A binocular microscope 
with long working distance objectives external to the chamber can be 
used as an aid to visibility when attempting delicate manoeuvres. 
Transverse fractures are easily obtained by applying lateral force to a 
specimen, such as a root tip or leaf, mounted in holes or slots so that 
it protrudes vertically from the stub surface (Fig. 8.35a). Cooling rates 
are slower inside the holes or slots, and the specimen will frequently 
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fracture flush with the surface unless measures to prevent it are taken. 
Although this position is ideal for electrical stability (short coating 
path to earth), it may not be the best-fixed region. A small mound of 
Tissue-Tek in the hole or slot freezes round the specimen to form a 
rigid sleeve, and the specimen often breaks close to the top of this, 
at or above the thinnest point (Fig. 8.35k). Another method of 
predetermining the breaking point is to provide a fulcrum behind the 
specimen in the form of a metal or plastic bar (Fig. 8.35r, s). However, 
when the fracture must be targeted to within a few micrometres there 
may be no alternative but to make a large number of attempts. About 
30 fracturing runs were made with 6 leaves per run to obtain the 
median transverse fracture of a spruce stomatal complex shown in Figs 
8.36 and 8.37. 

Fracturing in the paradermal plane of a leaf or along the longitudinal 
axis of a root, stem or needle-leaf are more difficult to achieve. 
However, some organs have a natural longitudinal ‘grain’ which 
predisposes them to fracture longitudinally. Thus the leaves of Pinus 
sylvestris and Picea sitchensis, and the stems of many herbaceous 
species easily fracture longitudinally over many millimetres, but tend 
to splinter into fibres when transversely fractured. To obtain the 
images in Figs 8.38 and 8.39, Scots pine leaves were mounted in slots 
1mm wide in the stub surface so that half of their width was 
submerged in Tissue-Tek (Fig. 8.35n). They were then fractured using 
a cooled, pointed probe. 

Paradermal fractures in leaves can be made over small areas by 
making upward picking movements with a cooled knife-edge or 
pointed probe (Fig. 8.35t). However, paradermal fractures of larger 


Figs 8.36-8.39. Picea sitchensis (Bong.) Carr. Fig. 8.36. Adaxial surface of leaf showing 
pristine epicuticular waxes and two stomatal antechambers filled with wax (between 
paired arrows). LTSEM: CF (SCN;); PFD; SC (Au); SEI (10 kV). Bar = 20 pm. Fig. 8.37. 
Transverse fracture through the mid-plane of a stomatal complex (position indicated by 
paired arrows in Fig. 8.36) showing stomatal antechamber above the guard cells (GC) 
and the internal structure of the antechamber wax ‘plug’. LTSEM: CF (SCN,); FF; FFH; 
SC (Au); SEI (5 kV). Bar = 10 um. (Reproduced from van Gardingen et al., 1991.) Figs 
8.38 and 8.39. Pinus sylvestris L. Longitudinal fracture through the mid-plane of a leaf. 
Fig. 8.38. Low-power view showing the adaxial (AD) and abaxial (AB) leaf surfaces, the 
mesophyll (M) and the central vascular bundle (V). LTSEM: CF (SCN;); FF; FFH; 
SC (Au); SEI (10 kV). Bar = 100 um. Fig. 8.39: Detail of a longitudinally fractured 
stomatal complex showing a guard cell (GC) and the stomatal antechamber lined, but 
not plugged, with wax. LTSEM: CF (SCN,); FF; FFH; SC (Au); SEI (10 kV). Bar = 10 pm. 
(Reproduced from van Gardingen et al., 1991.) 
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area can be made by attaching a v-shaped piece of copper gauze onto 
the top surface of the leaf, stuck down with a thin film of Tissue-Tek 
(Fig. 8.35u). When lifted away, a section of epidermis and/or mesophyll 
is removed, revealing internal structure (Figs. 8.40-8.42; see Jeffree et 
al., 1987 for some variants on this theme). 

Jeffree et al. (1987) built silver hinges which were mounted onto the 
standard EMscope SP2000 specimen stub to enable complementary 
transverse and paradermal fractures to be obtained in Phaseolus vulgaris 
leaves. Adhesion of the leaf to the hinge was obtained using Tissue- 
Tek alone. After cryofixation the hinges were closed (Fig. 8.35v, w) to 
fracture transversely, or opened (Fig. 8.35w, x), to fracture paradermally, 
holding the complementary fracture surfaces in a position suitable for 
viewing in the scanning electron microscope. Figures 8.43a and b show 
complementary transverse fractures though a barley leaf infected with 
Puccinia striiformis. Beckett and Porter (1988) employed a hinge with 
clamping plates across the two halves of the leaf to provide a secure 
mechanical mounting. This is essential in fracturing waxy leaves which 
do not adhere well to aqueous cryo-adhesives. Comparison of 
complementary fracture faces can help to establish whether small 
features are real or are artifacts due, for example, to contamination 
with ice. If they are real, evidence of them should be present on both 
sides of the fracture (Jeffree et al., 1987; Beckett and Porter, 1988). 

Specimens can be handled by micromanipulators in the scanning 
electron microscope, enabling dissection of small structures under 
direct visual control (Hayes and Koch, 1975). The process would clearly 
be aided by dynamic stereo imaging, such as is provided on the 
Cambridge 240 and 360 machines, and would be one very good 
argument for a colour monitor on an SEM. Fujikawa et al. (1990) 
showed how micromanipulators could be used to mark part of an FH 
specimen to be viewed subsequently as a replica for TEM. 


8.3.5. Partial Freeze-Drying 


Fracture surfaces through cells often have a ‘glassy’ appearance which 
can provide little indication of the complexity of the underlying 
structure. In freeze-etching for TEM a little of the surface ice is removed 
by sublimation when the specimen temperature is raised to about 
— 100°C, exposing the edges of membranes and other small features 
close to the surface (see Chapter 7). In LTSEM, if the stage is fitted 
with a conductive heater, freeze-etching can be carried out on the 
microscope specimen stage, with continuous visual monitoring of the 
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Figs 8.40-8.42. Phaseolus vulgaris L. cv. Canadian Wonder (red kidney bean). Primary 
leaf at day 14 after germination. LTSEM of paradermal freeze-fractures produced by the 
method indicated in Fig. 8.35u. CF (SCN,); FF; FFH; SC (Au). Fig. 8.40. General view 
of fracture face, looking towards the abaxial leaf surface (AB), showing minor veins (V) 
and spongy mesophyll (S). SEI (5 kV). Bar = 100 pm. Fig. 8.41. Detail showing stellate 
form of spongy mesophyll cells. SEI (5 kV). Bar = 50 pm. Fig. 8.42. Inner surface of the 
abaxial epidermis, showing stomata (arrows) and contact points with the spongy 
mesophyll cells (s). SEI(10 kV). Bar = 40 pm. (Figs 8.41 and 8.42 reproduced with 
permission from Jeffree et al., 1987.) 
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process (Nei and Fujikawa, 1977; Ryan et al., 1985). Alternatively, partial 
freeze-drying can be conducted blind in the main cryopreparation unit 
either with conductive heaters built into the stage, or with a radiant 
heater above the specimen (Beckett and Read, 1986). Partial freeze- 
drying is carried out at specimen stage temperatures of between —60 
and —100°C. At higher temperatures less control can be exerted over 
the process not only because ice sublimation is more rapid, but also 
because the specimen must subsequently be cooled further before the 
process can be halted. There is usually considerable thermal inertia in 
the stage/stub/specimen system, and especially with a large specimen 
the thermal coupling of the etching specimen surface to the cold stage 
stage (where temperatures are most readily measured) can be poor. 
This is often manifested as a long delay, often of many minutes, 
between the attainment of etching temperature at the stage, and the 
onset of etching in the specimen. A corresponding delay occurs as the 
system recools. It is thus easy to overshoot, and successful partial 
freeze-drying under visual contro] can be a question of experience and 
anticipation. There is substantial room for improvement of this process 
in the design of LTSEM systems, although substantial constraints are 
imposed by the specimen itself. One possibility would be to introduce 
a thermal break in the stage cooling system (e.g. using a solenoid to 
detach the copper braid) so that the proportion of the stage/stub/speci- 
men system which is warmed by conductive heating is reduced. 

Besides being able to monitor etching visually in the scanning 
electron microscope, it is also possible to measure the amount of water 
sublimed from the specimen surface using a cooled crystal oscillator 
(Lawton et al., 1989; see Section 8.3.7.1). 


8.3.6. Long-Term Storage of Frozen-Hydrated Specimens 


Frozen-hydrated specimens are obviously thermolabile, their existence 
limited by the availability of a controlled low-temperature environment. 
In practice, with most commercially available LTSEM systems, exper- 
imental procedures which generate more than a very few specimens 


Fig. 8.43. Puccinia striiformis/Hordeum vulgare. Complementary fractures of a young rust 
uredium about to erupt through the barley leaf surface. Note the mass of coherent 
hyphae (c) which give rise to pedicels (p) upon each of which is borne a urediospore 
(u). LTSEM: CF (SCN,); FF; FFH; SC (Au); SEI (5 kV). Bar = 20 pm. (Reproduced with 
permission from Read, 1991.) 
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at one time are impractical. Although the preparation time for LTSEM 
is very much shorter than by conventional procedures, it is also true 
that the processes of etching and coating and critical recording of the 
high-quality information available can reduce specimen throughput to 
3-5 specimens per day. The main point here is that in conventional 
SEM the operator comes to the microscope with a batch of specimens 
prepared previously. In LTSEM, however, the preparation and examin- 
ation both take place concurrently with the microscopy session. If we 
adopt an experimental approach, unless a storage system is used, the 
time taken by the experimental procedure is also subtracted from the 
time available to observe the specimen. This becomes wasteful of 
microscope time, an issue which concentrates the minds of users who 
are paying by the hour! 

Simple cryostorage systems have been developed in this laboratory 
(van Gardingen et al., 1989) and also by other laboratories, and at least 
one commercial system also exists. 

The arguments for the long-term storage of frozen-hydrated speci- 
mens are as follows: 


(1) Storage immunizes the work against loss of single, thermolabile 
cryospecimens and thus of whole experiments, due to unpredic- 
table interruptions such as breakdown of the scanning electron 
microscope. 

(2) The use of stored specimens liberates the specimen preparation 
steps from the bottleneck of the time taken to handle and record 
each specimen by LTSEM. It is thus possible to sample, cryofix 
and store specimens at frequent intervals providing good time 
resolution for observations of dynamic processes (see Section 
8.6.1). 

(3) A series of samples from one experiment or a sequence of related 
experiments can be collected together in a single operation, and 
stored under controlled, low-temperature conditions until they 
can be examined hours, day or if necessary weeks later. 

(4) A simple cryostorage system can be field-portable enabling 
collection of specimens from natural environments or laboratories 
removed from the LTSEM system. 


To allow stored cryospecimens to be handled, van Gardingen et al. 
(1989) designed a stub fitted with side rails which could accommodate 
a simple, mass-produced, flat specimen storage pallet. An enlarged 
EMscope 2000-style specimen stub was designed to maximize the 
sampled area of a leaf surface. More recently we have experimented 
with a simplified single-piece stub which can be mass produced from 
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Fig. 8.44. Diagram of a simple low-temperature storage system for LTSEM specimens. 
The apparatus shown is designed for use with an EMscope SP2000 or Biorad SP2000A 
system, and the stub dimensions shown are the largest that can be accommodated in 
the standard cryopreparation system and transfer device. (A and B) Views of the single- 
piece specimen stub, made of aluminium or copper. For ease of manufacture of these 
stubs the pressure spring has been relocated to the specimen stage. Full scale length = 
10mm. (A) Rear view, showing stub located in its storage cassette. (B) Side view: s = 
screw socket (size = 9mm X M6 thread) to accept screw tip of SP2000 transfer rod; d 
= specimen deck of stub. Rotation of stub during coupling and uncoupling of the 
transfer rod is prevented by locating pins (p). (C and D) Views of the aluminium 
specimen storage cassette, made to store three specimen stubs in individual cylindrical 
cavities. (C) Top view, showing a stub in its storage cavity. (D) Rear elevation, showing 
locating pins (p), mounting stud (m) for attachment of cassette transfer rod and t = 
sockets for cassette handling tool (not illustrated). Full scale length = 12mm. (E) Part of 
the cassette transfer rod used to transfer the cassette to and from the storage liquid 
nitrogen dewar, showing one of the holes used to engage the cassette mounting studs. 
Scale as for C and D. 


aluminium or copper in any well-equipped workshop (Fig. 8.44A, B), 
and which can be stored in liquid nitrogen in aluminium storage 
cassettes (Fig. 8.44C, D). A notable feature of this design is that the 
pressure spring has been moved from the stub to the stage to simplify 
manufacture. These storage systems have been designed to an 
undemanding specification aimed at achieving specific experimental 
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objectives. Neither attempts to eliminate the possibility of some surface 
frosting of specimens, and this frost must be removed by partial-freeze 
drying. More critical control of specimen contamination during storage 
and transfer may be desirable, but there are formidable technical 
challenges to face in achieving this which would require justification. 


8.3.7. Other Instrumentation for LTSEM 


8.3.7.1. Monitoring Ice Sublimation in the SEM Specimen 
Chamber 


Normally ice sublimation from LTSEM specimens is monitored by 
directly viewing the etching process. Recently, Lawton et al. (1989) 
have described a method for the detection of the onset of water 
vapour sublimation from a frozen-hydrated specimen during etching 
procedures. A piezo-electric crystal oscillator, cooled to —160°C by 
mounting it on the specimen anti-contaminator plate, responds to the 
accretion of water vapour by a reduction in its resonant frequency, 
enabling the onset of ice sublimation from the specimen to be 
determined. Lawton et al. (1989) reported that water first measurably 
sublimes from a cartilage block at —110°C. An alternative and much 
more expensive solution is to use a mass spectrometer to monitor the 
partial pressure of water vapour in the specimen chamber vacuum 
(Ryan et al., 1985). 


8.3.7.2. Measurement of Specimen Temperature and Cooling Rate 


Specimen temperature and cooling rate can be measured using 
thermocouples. These must be of very small size (< 100m) to 
successfully record the rapid temperature transients that occur during 
cryofixation, but much larger thermocouples can be used for measuring 
specimen stage temperature. 

Ryan and Purse (1985) made chromel/constantan thermocouples by 
soldering twisted 25-m wires to form a junction 50-75 pm in length. 
Welded bead Type E thermocouples can be made from the same 25- 
um diameter wires (chromel-90/10% Ni/Cr; constantan—55/45 % Cu/Ni; 
Goodfellow Metals, Science Park, Cambridge, UK) by discharging a 
500-uF capacitor charged to 30 V between the twisted wire junction 
and a graphite electrode while immersed in glycerol or silicone oil. 
The resulting thermocouple tips, as used by Jeffree et al. (1987), 
are spherical and about 75pm in diameter. Another method of 
thermocouple welding in an argon atmosphere is described by Robards 
and Sleytr (1985). 
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Accurate measurement of the cooling rate of plant specimens is 
surprisingly difficult at least at the speeds encountered during 
cryofixation. The techniques are reviewed comprehensively by Robards 
(1980) and Robards and Sleytr (1985). 


8.3.8. Botanical Applications of LTSEM 


Excellent morphological preservation has been obtained in a wide 
range of botanical specimens examined by LTSEM in the FH state, 
including leaves (Fig. 8.45) (e.g. Sargent, 1983; Jeffree et al., 1986, 1987; 
van Gardingen ef al., 1989, 1991), callus tissue (Fig. 8.46), apical 
meristems (Fig. 8.32) and other organs of higher plants (Vartanian et 
al., 1982; Sargent, 1986), ferns (Laird and Sheffield, 1986), algae 
(Paterson, 1986; Oppenheim and Paterson, 1990), filamentous fungi 
and fungus-plant interactions (Read, 1991, and references therein), 
and yeasts (Walther ef al., 1990). A range of frozen-hydrated botanical 
specimens are also shown in Wilson and Robards (1984). The advantages 
of LTSEM in botanical microscopy have been reviewed by Beckett and 
Read (1986), Sargent (1988), Read (1991) and Read and Jeffree (1991). 
LTSEM preserves an overall ‘lifelike’ appearance of cells and tissues, 
which accords with the appearance of the living material when 
examined, usually at lower magnification, with a light microscope. The 
cells appear fully turgid, show little distortion or shrinkage, and 
extracellular secretions are well preserved (Figs. 8.11-8.16, 8.47-8.52). 
Frozen-hydrated samples examined by LTSEM exhibit superior 
preservation to dried specimens viewed by ATSEM because: 


(1) They retain all or most of their water. This is of fundamental 
importance to specimen preservation because water is normally 
the main structural component of botanical material. In LTSEM, 
water is only removed from a sample if controlled partial freeze- 
drying has been performed. 

(2) They are more rapidly immobilized and stabilized by cryofixation 
than by chemical fixation. Approximate immobilization times 
are probably <0-5s for cryofixation, 1-30 min for chemical 
immersion fixation, and >30 min for vapour fixation. Cryofixation 
can thus be used to capture dynamic and transient events, for 
example during spore discharge (McLaughlin et al., 1985; Read, 
1991). 

(3) They are not exposed to chemical modification or solvent 
extraction. The fine structure and spatial relationships of delicate 
and labile materials, such as conidia-bearing structures of 


Figs 8.45 and 8.46. Phaseolus vulgaris L. cv. Canadian Wonder (red kidney bean). 


Primary leaf at day 7 after germination. LTSEM of a transverse fracture obtained by the 
method shown in Fig. 8.35k. CF (SCN); FF; FFH; SC (Au); SEI (10 kV). Bar = 20 pm. 
(Reproduced with permission from Jeffree et al., 1986.) Fig. 8.46. Datura stramonium 
(thorn apple). Callus cells showing pectinaceous beads on the cell surfaces and forming 
bridges between neighbouring cells (arrows). LTSEM: CF (SCN,); PFD; SC (Au); 
SEI (5 kV). Bar Sum. 
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fungi (Fig. 8.53), necrotic lesions, abscission zones, colonies of 
microorganisms or associating groups of cells in cell cultures 
(Fig. 8.46), are well-preserved by LTSEM. 


Low-temperature SEM is probably the best method available for the 
examination of plant surfaces and epicuticular waxes in the scanning 
electron microscope (Jeffree and Sandford, 1982; van Gardingen et al., 
1989 and references therein). Epicuticular wax structures are soluble 
in many organic solvents. (Figs 8.55-8.57) and are also very vulnerable 
to mechanical damage during chemical processing. Diffusible ions are 
also retained in situ. Other useful features of LTSEM include ease and 
speed of specimen preparation and the wide range of ways in which 
a single frozen sample can be manipulated. Long-term storage of FH 
specimens is also possible, enabling samples to be collected in another 
laboratory or in the field, and thus providing a powerful tool 
for experimentation (see Sections 8.3.6 and 8.6.1). Because LTSEM 
procedures produce their own artifacts these issues are more fully 
discussed in the next section. 


Figs 8.47-8.52. Papaver rhoeas (field poppy). Upper surface of the capsule stigmatic 
papillae, comparing LTSEM and ATSEM images. Figs 8.49 and 8.50, LTSEM: CF (SCN,); 
PFD; SC (Au); SEI (10 kV). Figs 8.48 and 8.50. ATSEM: 1°Fix (Ga); 2°Fix (OsO,); Dehyd. 
(EtOH); CPD; SC (Au); SEI (10 kV). Note that at low magnification (Figs 8.47 and 8.48 
dried material appears well-preserved. At higher magnification (Figs 8.49 and 8.50 
severe wrinkling is apparent on the stigmatic papillae in the CPD material (Fig. 8.50), 
but not in the PFD specimen. Bars = 200 um (Figs 8.47 and 8.48), 30 um (Fig. 8.49), 
25 um (Fig. 8.50). Figs 8.51 and 8.52. Ascodesmis sphaerospora. Ascogonial coils. Fig. 8.51. 
Ascogonial coils surrounded by a well-preserved extracellular matrix. LTSEM: CF (SCN,); 
PFD; SC (Au); SEI (65 kV). Bar = 10 wm. Fig. 8.52. Note that most of the extracellular 
material seen in Fig. 8.51 has been extracted during preparation. Only insoluble 
components remain on the ascogonial coils. Also note that this specimen is considerably 
shrunken relative to that in Fig. 8.51. ATSEM: 1°Fix: Ga, 2°Fix: OsO,, Dehyd. (ethanol); 
CPD; SC (Au); SEI (7-5 kV). Bar = 10 um. (Reproduced with permission from Read, 
1991.) Figs 8.53-8.54. Aspergillus niger. Asexual reproductive apparatus. Note the turgid 
conidiophore (c), vesicle (v), phialides (p) and conidia (s). LTSEM: CF (SCN,); PFD; 
SC (Au); SEI (65 kV). Bar = 10 um. (Reproduced with permission from Read, 1991.) 
Fig. 8.54. Sordaria humana. Median fracture through perithecial neck. Note the periphysal 
hyphae (p) which line the neck canal (c) and which differentiate into cells of the neck 
wall (w). Also note the segregation zones within fractured cells of the neck wall. ATSEM: 
CF (SCN,); FF; FFD; SC (Au); SEI (10 kV). Bar = 10 um. (Reproduced from Read and 
Beckett, 1985, with permission.) 
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8.3.9. Artifacts in LTSEM 


Specimens prepared for LTSEM and ATSEM are subjected to very 
different physical processes, and it is not surprising therefore that 
LTSEM eliminates most of the artifacts which are characteristic of 
dried specimens, however they are prepared. However, LTSEM has 
its own characteristic artifacts, and the processes which induce them 
must be understood if the observed structure is to be interpreted 
reliably (Read and Jeffree, 1988). Many artifacts common in LTSEM 
arise from the properties and behaviour of water during cryofixation 
of specimens. Others are induced during partial freeze-drying, freeze- 
fracturing, coating and specimen transfer, and finally as a consequence 
of interaction of the specimen with the electron beam. A number of 
the common artifacts encountered in LTSEM are described below. 


8.3.9.1. Redistribution of Water during Cryofixation 


Water is redistributed in cells and tissues by at least four physical 
processes which occur during slow freezing and cryofixation. These 
are (1) extracellular freezing, (2) intracellular freezing, (3) displacement 
of water by pressure effects and (4) condensation and distillation. 


Extracellular ice crystallization artifacts When plant cells freeze at the 
rates normally encountered in their natural environment (<0-1°C min7?) 
(Steponkus, 1984; Ashworth, 1990), ice crystallization nucleates in 
extracellular locations. In compact tissue the growth of ice crystals can 
cause compression damage and separate tissues, producing lens- 
shaped cavities which persist after freeze-drying or freeze-substitution 
(Ashworth et al., 1988, 1989; Ashworth, 1990). If ice crystals nucleate 
in intercellular spaces compression damage may be absent, but their 
growth will extract freezable water from the cells, resulting in artifacts 
of shrinkage and distortion (Pearce, 1988; Allen, Read, Jeffree and 
Steponkus, unpublished). At low cooling rates the cells themselves 
may not freeze because continuous concentration of the cytoplasmic 
solutes depresses their freezing point until a eutectic mixture is 
reached. Depending on the extent of their cold-hardening, cells can 
survive these processes. Thus although these effects may be artifactually 
induced, similar phenomena may arise from natural processes of plant 
freezing injury avoidance. 

Cryofixation usually occurs at much faster cooling rates 
(102-10°°C s 1) than are encountered in nature (<0-1°C min™!), but 
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Figs 8.55-8.57. Brassica oleracea. Leaf surface following spraying with a light petroleum 
oil. LTSEM: CF (SCN,); PFD; SC (Au); SEI (10 kV). Fig. 8.55. Low magnification view 
showing outlines of oil droplets. Bar = 500 wm. Fig. 8.56. Detail of epicuticular wax 
structure of pristine leaf surface. Bar = 5 um. Fig. 8.57. Epicuticular wax within the 
impact site of an oil droplet, showing removal of the fine reticulate structures shown 
in Fig. 8.56. Bar = 5 um. 


there is obviously a continuum between cryofixation rates and natural 
freezing rates, and any point between these extremes may be 
encountered during experimental LTSEM of plant tissues (e.g. see 
Jeffree et al., 1987). 


Intracellular ice crystallization artifacts Intracellular freezing occurs 
when cells are cooled rapidly at rates >3°C min~' (Steponkus, 1984). 
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As ice crystals grow in cells they exclude all dissolved substances, 
concentrating them into segregation zones, which are most readily 
identified in PFD material in which the ice has been removed (Figs 
8.58, 8.63-8.66). Macromolecular complexes and organelles may also be 
forced into these segregation zones. The size and number of ice crystals 
is dependent on freezable water content and the cooling rate (Read 
and Beckett, 1985; Beckett and Read, 1986; Read, 1991), but the patterns 
are difficult to predict because of the complex kinetics of ice crystal 
growth (Bachmann and Mayer, 1987). It is now generally acknowledged 
that it is usually impossible to obtain ice crystal-free layers more than 
10-15 pm thick in bulk tissues by any form of heat extraction at 
ambient pressure (10° Pa) except in the presence of cryoprotectants, 
either introduced or natural. For example, by plunging epidermal cells 
into liquid propane a structureless zone of only about 4 ym thick was 
obtained (Fig. 8.58). Thus ice crystal damage in LTSEM usually has to 
be tolerated rather than avoided. It should be noted, however, that 
natural cryoprotection sufficient to permit vitrification of cold hardened 
Populus tissues has been reported (Hirsh et al., 1985; Hirsh, 1987). 


Displacement of water from cells by pressure effects At fast cooling 
rates (< about 300°C s7?) beads of ice are observed on the surfaces of 
cells in freeze-fractured FH leaves (Jeffree et al., 1987 and references 


Figs 8.58-8.63 Phaseolus vulgaris L. cv. Canadian Wonder (red kidney bean). Primary 
leaf. LTSEM: CF (LP —185°C; FF methods c, k, Fig. 8.35); PFD; SC (Au); SEI (7-5 kV). 
Note that the narrow region of the cell close to the cryogen in which segregation zones 
are absent (between arrows). Bar = 2 wm. Fig. 8.59. Phytophthora infestans. Oogonium 
(0) surrounded at its base by an antheridium (a). Note the considerable rupturing of 
the agar which is a common artifact due to differential shrinkage in materials with a 
high water content. LTSEM: CF(SCN,); PFD; SC (Au); SEI(5kV). Bar = 10 pm. 
(Reproduced from Read and Jeffree, 1988, with permission.) Fig. 8.60. Sordaria humana. 
Perithecium immersed in mucilage which has exuded through the pore (p) at the tip 
of the perithecium neck. Note the gross rupturing of the mucilage which is due to 
slight differential expansion of the sample during freezing. LTSEM: CF (SCN,); FFH; 
SC (Au); SEI (15 kV). Bar = 20 pm. Figs 8.61-8.63. Phaseolus vulgaris L. cv. Canadian 
Wonder (red kidney bean). LTSEM of 14-day-old primary leaves. Fig. 8.61. Beads of 
water ice (b) on the surface of the epidermis and granular deposits of ice (arrowed) on 
mesophyll and epidermal cells. CF (SCN,); transverse FF; FFH; SC (Au); SEI (5 kV). 
Bar = 5 pm. Fig. 8.62. Beads of water ice, some labelled (a-f) on inner surface of the 
abaxial epidermis LTSEM: CF (SCN,); FF; FFH; uncoated, SEI (25 kV). Bar = 5 um. Fig. 
8.63. Same area as shown in Fig. 8.62 following PFD. Note that non-volatile residues 
(a-f) remain at the sites originally occupied by the beads labelled a-f in Fig. 8.62, 
LTSEM:CF (SCN,); PFD; SC (Au); SEI (10 kV). Bar = 5 pm. (Figs 8.61-8.63 reproduced 
from Jeffree et al., 1987, with permission.) 
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therein) (Figs 8.61 and 8.62). The positions of these beads are influenced 
by the direction of thermal gradients during cryofixation. We have 
suggested that a pressure wave, due to the rapid propagation of an 
intracellular freezing front within a cell, may cause unfrozen cytosol 
to be forced out of the cell. The location of these beads, always on 
portions of cells most distal to the cryogen, supports this idea. So does 
the observation that these beads can be shown after PFD to contain 
solutes (Figs 8.62 and 8.63). This artifact of water displacement and 
redistribution has obvious implications for the localization of elements 
in cells by XRMA. 


Condensation and distillation Accompanying the beads observed in 
rapidly cryofixed leaves, and which we have suggested are pressure- 
ejected from cells (see above), are granular deposits of ice (Fig. 8.61, 
arrows), quantitatively equivalent to, and probably originating from 
the condensation of the water vapour in the intercellular spaces at the 
time of cryofixation (Jeffree et al., 1987). At slow cryofixation rates 
(3-30°C s~'), which can occur in the centres of large specimens, much 
larger ice deposits can build up. These have been interpreted as water 
evaporated from warmer cells and condensed on colder cells during 
leaf cool-down (Jeffree et al., 1987). 


8.3.9.2. Ice Contamination 


Frozen-hydrated specimens and cryogens act as efficient cold traps for 
volatiles, particularly water vapour, in the surrounding atmosphere. 
Atmospheric water vapour condenses on frozen-hydrated specimens as 
apparently amorphous, globular or flocculent masses of heterogeneous 
particle size. More obviously crystalline structures showing hexagonal 
symmetry may occur in large accumulations (Jeffree and Sandford, 
1982). Rentschler (1971, 1979) reported that epicuticular waxes in 
frozen-hydrated specimens was amorphous in structure, and suggested 
that the generally observed crystalline form was an artifact of exposure 
of the wax to a vacuum for making replicas for TEM and during 
coating and observation for SEM. Jeffree and Sandford (1982), however, 
demonstrated that the amorphous layers could be etched from leaves 
above —100°C and then restored by exposure of the re-cooled specimen 
to room atmosphere, demonstrating that these layers were due to the 
artifactual condensation of water vapour onto the leaf surface. 

Some external contamination of specimens with water vapour is 
almost unavoidable during cryofixation in liquid nitrogen or nitrogen 
slush, even when a protective atmosphere of dry argon is present 
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Figs 8.64-8.66. Phaseolus vulgaris L. cv. Canadian Wonder (red kidney bean). Fractured 
mesophyll cells of a developing primary leaf 4 days after germination. Note segregation 
zones in the cytoplasm (c) and vacuoles (v). Plastids (p), the nucleus (n) and nucleolus 
(no) can also be seen clearly. LTSEM: CF(SCN,); FF; PFD; SC (Au); SEI (10 kV). 
Bar = 2 um. (Reproduced from Read and Jeffree, 1988, with permission.) Figs 8.65 and 
8.66. Phaseolus vulgaries L. cv. Canadian Wonder (red kidney bean). Transversely 
fractured, primary leaves showing the appearance of the segregation zones within the 
cells before (Fig. 8.65) and after SC (Fig. 8.66). The coating has inhibited charging and 
beam penetration effects, but does not contribute visible thickness at this magnification. 
LTSEM: (Fig. 8.65) CF (SCN,); FF; PFD; uncoated; SEI (5 kV). Bar = 10 pm. (Fig. 8.66) 
SC (Au); SEI (5 kV). Bar = 10 pm. 
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above the cryogen. It is difficult to transfer liquid nitrogen between 
dewars without entraining some moist air from the room atmosphere, 
thus contaminating the coolant with ice crystals from the start. Some 
of the commonly observed ice contamination of plant surfaces may 
represent water naturally associated with the specimen surface (Read 
et al., 1983; Beckett and Read, 1986), but this is difficult to prove. Some 
may also arise from transfer of a boundary layer of moist air, clinging 
to the specimen surface, into the freezing chamber. In our experience 
of working with plant surfaces, contamination with condensed water 
is invariably worse on specimens fixed in nitrogen slush than in liquid 
nitrogen, although the reasons for this are not clear. Globular deposits 
of contaminating water are often observed on fracture faces, and the 
prevention of this deposition can be of critical importance in high- 
resolution SEM (Walther et al., 1990). 

As previously indicated, ice contamination is readily detected by 
warming the specimen above —100°C when the contamination should 
disappear. Contamination of specimen surfaces with water vapour can 
arise from leaks in the specimen chamber seals, from incorrect operation 
of or leaks in the transfer device, or from the presence of freeze-drying 
or thawing specimen fragments close to the specimen in the specimen 
preparation or specimen transfer chambers. Improving the vacuum in 
the cryopreparation chamber, by using a turbomolecular pump instead 
of a rotary pump, will also reduce ice contamination. Argon, used 
during sputter coating or as an inert gas cover over the coolant for 
specimen cryofixation, should be dried by passing it through a column 
of molecular sieve. In general the specimen should be shrouded at all 
times during transfer or waiting periods, and should be parked beneath 
a cold finger as much as possible during handling, coating and 
observation. 


8.3.9.3. Specimen Cracking 


Differential thermal expansion of tissue components may lead to 
cracking when tissues are cryofixed. Pure water expands in volume 
by about 9% as it freezes. This, and the probable subsequent thermal 
contraction of the specimen as it cools further (as occurs with most 
substances), may lead to a small change in the volume of frozen- 
hydrated specimens, although this has not been quantified. de 
Quervain (1975) reported that pressures of up to 76 MPa may occur 
in freezing water droplets, which might be sufficient to burst the ice 
shell and eject the supercooled contents. Another source of internal 
pressure may be the release of bubbles of dissolved gases as the ice 
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front advances (Steponkus, 1984). Although materials with a high 
water content (e.g. agar and mucilages) are most susceptible to 
rupturing during freezing (Fig. 8.60), naturally dry tissues can also be 
subject to thermal cracking. An illustration of this is that cycles of 
cooling of Trifolium arvense seeds, either to —20°C or to liquid nitrogen 
temperature, induced microcracking of the seed which reduced 
imbibition times and hardseededness (Pritchard et al., 1988). There 
are no easy solutions to these problems. Fortunately, however, most 
thermal stress cracks in a specimen are readily identified as such, 
because they usually manifest themselves as gross rupturing of cells, 
tissues or extracellular materials (Fig. 8.60). 


8.3.9.4. Shrinkage during Partial Freeze-Drying 


Significant shrinkage during partial freeze-drying can occur, particu- 
larly if drying is prolonged. A quantitative study of the extent of this 
shrinkage is clearly needed. Materials with a high water content (e.g. 
mucilages and agar) often become severely ruptured during partial 
freeze-drying (Fig. 8.59; Beckett and Read, 1986; Read and Jeffree, 
1988). 


8.3.9.5. Electron Beam Damage to Specimens 


Frozen-hydrated specimens are more susceptible to beam damage than 
dehydrated bulk specimens. Beam damage may occur due to conversion 
of some of the beam energy into heat, but is more commonly caused 
by radiolysis of ice (Reimer, 1985; Talmon, 1982, 1987). This can lead 
to the formation of free radicals which attack organic matter, and also 
to carbonization resulting from mass loss of volatile fragments. 
These processes can lead to alterations in specimen structure, one 
manifestation of which is fine surface cracking (Read et al., 1983; 
Beckett and Read, 1986; Walther et al., 1990). 


8.4. SPECIMEN CONDUCTIVITY AND CHARGING 


Specimen charging will occur unless the rate of electron emission from 
the specimen and the rate of electron capture are in equilibrium. 
During electron beam irradiation some net absorption of beam electrons 
may occur. These absorbed electrons must be earthed to prevent the 
build-up of negative charge at the specimen surface. On the other 
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Fig. 8.67. Diagram of a simple sample biasing circuit for control of specimen charging. 
(Redrawn after Postek et al., 1989 and reproduced with permission of Scanning/FAMS, 
Mahwah, NJ, USA.) 


hand, specimens with high SE coefficients are liable to emit more than 
one secondary per absorbed beam electron, and will become positively 
charged. Specimen charging is one of the commonest causes of imaging 
faults in biological specimens, which are predominantly composed of 
dielectric materials. If the surface voltage due to charging is only a 
few per cent of the beam accelerating voltage, the primary effect will 
be due to interference with SE emission. However, at higher surface 
voltages the primary beam may be decelerated and deflected. Because 
frozen-hydrated specimens have very high resistivity they charge 
readily and may totally reflect the beam so that it scans the detector 
and final lens pole-pieces! Postek et al. (1989) obtained useful control 
over these charging effects by applying a specimen bias of between 
—150 and +750 V to the specimen via a simple circuit (Fig. 8.67). This 
approach is worth evaluating with minimally coated or uncoated 
LTSEM specimens. However, specimen biasing can only be applied 
with electrically isolated cold stages and is not readily applicable to 
specimens mounted on cold stages cooled by the copper braid method 
since the stage is electrically coupled to the dewar and microscope 
column which are at ground potential. 

The two most widely adopted solutions to specimen charging are 
to increase the surface conductivity, or alternatively the volume 
conductivity, of the specimen. Surface conductivity can be increased 
by coating the specimen with a conducting layer, of carbon or a metal, 
which is connected to earth. Exposure of the specimen to osmium 
vapour can also enhance surface conductivity. Volume or bulk 
conductivity can be improved by impregnation with osmium as a 
postfixation step (OTO or PATOTO processes, see Section 8.2.2), 
rendering the whole of the specimen tissue conductive. This can make 
surface coating unnecessary. 
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Table 8.1. Properties of some materials commonly used in coating {after Goldstein et al., 
1981) 


Metal Thermal Resistivity Relative 
conductivity at 300K spluttering yield 
(W cm~'K~') (ohms cm) {atoms per 600 eV 

{Ar*)) 

Aluminium 2.37 2.83 1.2 

Gold 3.17 2.40 2.8 

Copper 4.01 1.67 2.3 

Silver 4.29 1.60 3.4 

Palladium 0.718 11.00 2.4 

Platinum 0.72 10.00 1.6 

Tungsten 1.74 5.50 0.6 

Carbon 1.29 3500.00 — 

Chromium 0.937 13.00 1.3 


8.4.1. Specimen Coating 


Specimen coating is most commonly performed by diode sputter 
coating with gold in a low-pressure atmosphere of an inert gas, usually 
argon. Evaporative coatings of gold, gold-palladium alloys and 
platinum/carbon are also widely used. Sputter coating has the 
advantage over evaporative coating that the metal particles arrive at 
the surface from a much larger angle, thus ensuring more even coatings 
over rough and re-entrant surface topography. Evaporative coating 
produces unidirectional beams of vapour from a point source, 
which tends to produce shadows representing discontinuities in the 
conductive layer. The coverage of evaporative coatings can be made 
more even by simultaneously rotating the specimen during coating, 
and varying its angle relative to the source (e.g. see Hermann et al., 
1988). 

Gold has good chemical inertness, electrical and thermal conductivity, 
and sputters at a high rate (Table 8.1). However, both evaporated and 
sputtered gold films are granular and a thickness of about 10 nm of 
gold must be built up before the film becomes coherent. At this 
thickness the gold grains are up to 10 nm in diameter. Silver, with 
the highest known thermal and electrical conductivities, sputters more 
rapidly and is much cheaper than gold. Although these properties 
appear attractive, silver has generally been regarded as less suitable 
for use than gold, primarily because it produces more coarsely granular 
layers when evaporatively coated (Goldstein et al., 1981) and because 


382 C.E. Jeffree and N.D. Read 


it is more reactive. However, the use of silver may warrant further 
examination since a recent paper by Mills (1988) suggests that silver 
may produce films with significantly finer grain when sputter coated 
than when coated evaporatively. Silver can also be used as a temporary 
coating since it is readily soluble in photographic reducers such as 
Farmer’s reducer (Mills, 1988). 

The granularity of gold films is readily resolved in a scanning 
electron microscope with a thermionic electron source and is a 
significant performance limitation in FESEM. Thinner, finer-grained 
layers can be produced with sputtered 40:60 gold-palladium or 
platinum, which must be recommended for medium-resolution work 
(up to about 20 000). However, Echlin and Kaye (1979) recommended 
evaporated carbon/platinum (traditionally the material used for making 
replicas for TEM) or tantalum/tungsten mixtures for high-performance 
imaging in SE and low-loss BSE modes respectively. More recently 
Hermann et al. (1988) reported that fine-grained films suitable for 
FESEM could be made by evaporative coating of chromium or 
germanium with double-axis rotary shadowing, producing films 
approximately 1-3nm thick. Frozen-hydrated yeast cells have also 
been magnetron-sputtered with a 3-nm-thick film of platinum and 
examined by field-emission LTSEM (Fig 8.1 and 8.3; Walther et al., 
1991). Low-temperature coating can also produce very fine-grained 
films. For example Gross et al. (1988) applied coatings of Ta/W and 
Pt/Ir/C at —250°C to obtain films suitable for TEM and scanning 
tunnelling microscopy of macromolecules. 

Discontinuities will occur in both sputtered and evaporative coatings 
beneath overhanging structures such as the mesophyll cells of freeze- 
fractured leaves (Fig. 8.45). Such discontinuities increase the resistivity 
of the coating layer. More importantly the poorly coated areas may be 
accessed by the electron beam or by high-energy reflected electrons, 
and will charge strongly causing image defects. Fractured leaves are 
particularly difficult specimens to examine because the undersides of 
the arms of spongy mesophyll cells cannot be coated. Similar difficulties 
often occur with the undersides of fungal hyphae. Surface conductivity 
of some specimens, such as the T-shaped trichomes of bromeliads and 
rhododendrons, can be improved sufficiently by exposure to osmium 
vapour to enable medium-resolution SEM work to be performed if 
used in conjunction with coating (Helfer and Warwick, 1989). The use 
of osmium impregnation to improve bulk conductivity of chemically 
fixed specimens is discussed in Section 8.2.2. 
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8.5. IMAGING 
8.5.1. Image Formation in the SEM 


When a beam of electrons strikes a specimen many interactions occur. 
These interactions provide a variety of signals which can be used for 
image formation in SEM (Robards, 1978; Goldstein et al., 1981). Signals 
for imaging can thus be derived from the emission of SEs, BSEs, or 
X-rays (Chapter 5), from cathodoluminescence, or from the generation 
of specimen current. 

Some electrons in the primary beam will displace electrons from 
their orbits around atoms in the specimen resulting in the emission 
of SEs. Secondary electrons have low energies (by convention < 50 eV) 
and their generation is largely dependent on surface topography. As 
a result, SEs have been the most commonly used signal in image 
formation for SEM. Although SEs are very efficiently collected and 
converted into signal using the Everhardt-Thornley detector (Everhardt 
and Thornley, 1960), recent work has shown that there is room for 
optimization even of this well-tried detector design (Autrata, 1990). 

Other electrons in the primary beam are reflected by interaction 
with atomic nuclei and released from the specimen surface as BSEs. 
The yield of BSEs as a proportion of the primary beam electrons 
increases with specimen atomic number, enabling atomic number 
contrast effects to be observed. Heavy elements like gold and osmium 
thus produce more BSE signal than the light elements predominant in 
biological structures. SE coefficients show no such trend, but gold and 
silver have higher SE coefficients than the average for metals. Back- 
scattered electron detection can also be used to generate topographic 
images, and because of the atomic number contrast they also provide 
qualitative information about constituents of the specimen surface. 

Secondary electrons are generated throughout the beam interaction 
volume but only escape from a small fraction of the depth to which 
the primary beam penetrates the specimen (~1 nm in metals; 10 nm 
in non-conductive biological materials) (Goldstein et al., 1981). Coating 
a non-conductive specimen with a metal suppresses the SE signal from 
subsurface layers, and enhances the signal close to the point of beam 
penetration. The image is consequently sharper, and more strictly 
representative of surface topography. 

Whereas BSE coefficients increase with atomic number and beam 
accelerating voltage, SE coefficients show no trend with atomic number 
and are greatest at low electron energies (Reimer, 1985). Furthermore, 
movements of BSEs in the subsurface layers of the specimen contribute 
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significantly to the production of SEs, particularly as the atomic number 
increase. In carbon the ratio between SE from BSE and beam 
interactions is about 0-18, whereas in gold it is about 1:5 (Goldstein 
et al., 1981). Since BSEs can generate SEs at large distances from the 
beam centre the conclusion would appear to be that high-resolution 
working with SE detectors demands low accelerating voltages, beams 
with very high brightness, and thin, fine-grained coatings with low- 
atomic number metals. 

Unfortunately, to date most commercial scanning electron micro- 
scopes, especially those with thermionic sources, have optical perform- 
ance optimized for comparatively high beam accelerating voltages, in 
the region of 30-40 keV, and produce poor results at the SE coefficient 
peak around 0:8 kV. The reason for this is that, although the efficiency 
of SE generation at 40 kV is poor compared with that at 0:8 kV, the 
beam current obtainable from a thermionic source is much higher at 
high accelerating voltages and the energy spectrum narrower, resulting 
in smaller, brighter probes. Field-emission machines seem to offer 
solutions to these problems (see section 8.1). 

In biological applications, BSE imaging has chiefly been used to 
highlight heavy-metal labels, such as colloidal gold, against the dark, 
low atomic number background of the cell. Since beam electrons 
penetrate a few micrometres into the specimen, and reflected electrons 
can be energetic enough to escape from the subsurface, it is also 
possible to see metal coatings or labels beneath the specimen surface 
(Walther and Hentschel, 1989). Back-scattered electron imaging could 
enable SEM cytochemistry and immunocytochemistry to be performed 
on plant tissues when high atomic number labels are used, as in the 
localization of peroxidase using the H,O,/DAB reaction (Graham and 
Karnovsky, 1966, and Chapter 4). Nanci et al. (1990) point out that BSE 
imaging can be used on sections to visualize reaction products or stains 
which are invisible in the light microscope, and also demonstrated that 
BSE imaging of sections improved the resolution of autoradiographic 
labelling compared with LM (Figs. 8.68 and 8.69). To date these 
possibilities have been explored more with animal tissues than with 
plants. A recent review of BSE detection in ATSEM and LTSEM of 
plants (Beckett, 1989) suggests a number of possible applications, 
including the detection of pollutant deposits on plant surfaces. 

Electron beams can stimulate emission of photons from some organic 
and inorganic compounds. A familiar example of this phenomenon of 
cathodoluminescence (CL) is the light emission from the phosphor 
coatings in cathode ray tubes. Many organic compounds which 
fluoresce in ultraviolet radiation also exhibit CL, including Auramine 
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Figs 8.68 and 8.69, Rat maturation-stage ameloblasts following injection of [?H]- 
methionine. Autoradiographs of sections of Epon-embedded tissue. Sections were coated 
with Ilford L4 emulsion, exposed (14 days), developed, and the emulsion partially 
digested with glacial acetic acid (15 min). Sections were stained with uranyl acetate and 
lead citrate. Fig. 8.68. Inverted BSE image, showing silver grains clearly. Fig. 8.69. 
Corresponding LM image showing poorer resolution of cell details. Bar = 10 um. 
(Reproduced with permission from A. Nanci, unpublished.) 


O and berberine sulphate, but not fluorescein or acridine orange (Falk, 
1972; Ong et al., 1973). To our knowledge no cytochemical applications 
of CL imaging to plant science have emerged, but Hart and Young 
(1987) used CL mode imaging to study the interactions between spray 
droplets of the plant growth regulator paclobutrazol, a CL emitter, and 
leaf surfaces (Figs 8.70 and 8.71). 


8.5.2. Digital Image Recording, Processing and Analysis 


Since the hard copy of an image is most often the ultimate goal in 
SEM it is worth considering whether the chosen method of image 
recording limits image quality. Most SEM images are recorded by 
conventional photography of a high-resolution cathode ray tube on 
which the image is displayed. In early scanning electron microscopes 
the record tube resolution was about 800-1000 lines, with slightly 
greater scan density, perhaps 1000-1200 lines, so that successive scan 
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Figs 8.70 and 8.71. Triticum aestivum (wheat). Leaf abaxial surface. Droplets (340 um 
diameter) of the cathodoluminescent growth regulator paclobutrazol (05% w/v) contain- 
ing a surfactant were applied 1h and 43 h before ATSEM examination in the untreated 
state. Fig. 8.70. Leaf surface topography and the outlines of the droplets. SEI (6 kV). 
Bar = 100 pm. Fig. 8.71. Cathodoluminescence (CL) image. The lower droplet, applied 
43 h prior to examination, shows reduced CL intensity compared with that applied 1h 
previously (top), indicating that uptake of paclobutrazol has occurred. CL (6 kV). Bar = 
100 um. (Reproduced from Hart and Young, 1987, with permission.) 


lines overlapped to form a smooth image. Parsons et al. (1973) thought 
there was little advantage in using a large-format high-quality camera 
as compared with a basic 35 mm camera for recording images from a 
800-line display, reporting that the large-format images recorded scan 
lines invisible to the smaller format. Bertaud et al. (1974) pointed out 
that this implied information loss at the smaller film size (see also 
Malin, 1975). Modern scanning electron microscopes record cathode- 
ray tubes are usually capable of resolving about 2000 lines, and images 
on these tubes contain more information than can be recorded using 
35 mm film, making it worthwhile to use large-format film for top- 
quality results. However, the technique of scan-line overlapping to 
produce a smooth image is still used in high-resolution systems. In 
our Cambridge Instruments $250 machine the high-resolution cathode- 
ray tube resolves a nominal 2500 lines, but 4000 lines per frame are 
scanned. This suggests that the electronic image may contain more 
information than can be recorded on film even with the best optical 
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conditions, a point convincingly demonstrated by Oho and Kanaya 
(1990), who reported that much higher quality images could be 
recorded by an online digital recording system than by photography. 


8.5.2.1. Quantitation and Image Analysis 


Image analysers are now widely available, some at highly accessible 
prices. The potential to obtain quantitative data from SEM images has 
been little-explored, although van Gardingen et al. (1989) recently used 
a Cambridge Instruments Quantimet 970 to measure stomatal apertures 
in frozen-hydrated specimens. An impediment to measuring linear 
dimensions and areas in many SEM specimens is the lack of information 
in a single image about z-axis distances. Unless the scanning electron 
microscope is equipped with dynamic stereo-imaging this makes 
many measuring jobs impractical. An example of a situation where 
measurements from a single SEM image are impossible to make 
without information about z-axis dimensions is the estimation of 
intercellular space volume-fraction in a cryofractured leaf (Figs 8.40, 
8.41, 8.45, 8.73). As pointed out below, both stereo-imaging, and the 
image analysis systems to exploit it, are becoming standard equipment 
on the well-equipped scanning electron microscope. It is to be hoped 
that these functions may help to make SEM analysis more quantitative 
in the future. 


8.5.2.2. Stereo-Pairs 


Scanning electron microscope images are frequently and erroneously 
described as having a 3-D appearance. However, when stereo-pairs of 
SEM images are viewed the true 3-D effect often gives a much greater 
impression of depth than would be expected from single images (Figs 
8.24, 8.25, 8.31, 8.72, 8.73). 

The natural appearance of the objects in SEM images tends to 
foster familiarity and a casual approach to their interpretation and 
measurement. However, the only dimensions which can be confidently 
measured in a single SEM image are those of the x and y coordinates, 
and even then only if the specimen is perfectly flat and normal to the 
beam. If the specimen is tilted measurements can only be made along 
the tilt axis unless the tilt angle is known or can be deduced and taken 
into account. In the absence of this information measurements made 
from scanning electron micrographs can be subject to serious errors 
(Boyde, 1974). Stereoscopy is thus an important technique in the 
interpretation of scanning electron micrographs because it provides 
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Figs 8.72 and 8.73. Hyoscyamus niger (henbane). Stereo-pair (7° angular separation) 
showing a group of organoids in a tissue culture. LTSEM: CF (SCN2); PFD; SC (Au); 
SEI (5 kV). Bar = 500 ym. Fig. 8.73. Juncus conglomeratus. Stereo-pair (7° angular 
separation) showing two layers of stellate cells in the leaf pith. LTSEM: CF (SCN,); 
FFH; SC (Au); SEI (5 kV). Bar = 25 pm. 
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information about z-axis dimensions. In addition, for precise measure- 
ment it is essential to know how much distortion is introduced into 
the image by non-linearity of specimen and display scanning, and 
also to have calibrated the instrument magnification. 

Stereo-pairs can be made in the scanning electron microscope in 
four ways: 


(1) The specimen can be shifted along its horizontal axis between 
two successive exposures to create a parallax shift. Because the 
shift must be large enough to produce a parallax difference of 
several degrees between the specimen and the final lens this 
method results in cropping of the edges of the field of view, and 
its use is thus limited to low magnifications, since at high 
magnification the specimen will be shifted right out of the frame. 
To minimize these disadvantages the working distance should 
be as short as possible. 

(2) By rotating the specimen between successive exposures. This 
will usually require extensive refocusing and repositioning of 
the specimen after rotation unless a eucentric specimen stage is 
fitted. 

(3) By deflecting the focused beam electronically between successive 
scans, and collecting the images produced into separate digital 
frame store buffers. This approach, described by Dinnis (1971) 
and Breton et al. (1989), is implemented in some Leica Cambridge 
scanning electron microscopes and in at least one commercial <- 
ray microanalysis system which is also available with optional 
facilities to produce and display 3-D SEM images, and to make 
stereogrammetric measurements of the z-axis dimensions of a 
specimen. It has proved useful in the micromanipulation and 
microdissection of specimens within the specimen chamber, 
since real-time dynamic stereo-viewing can be achieved on a 
colour monitor (Pawley, 1978). 

(4) By tilting the specimen through an angle between successive 
exposures. This is the most straightforward technique, and is 
possible with most scanning electron microscopes and at all 
magnifications. 


If possible the tilt angle should be perpendicular to the electron 
detector (i.e. at right-angles to the bottom edge of the viewing and 
record screens). If, as in our Cambridge $250, the tilt axis is parallel 
to the bottom edge of the screen, each image in the stereo-pair will 
have to be rotated 90° for viewing, and the illumination will appear 
to be from the right hand side rather than from the top. This can be 
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corrected by rotating the image through 90°, using electronic scan 
rotation, before taking the pictures. 

The magnifications of the two images must be identical. Unless a 
eucentric stage is used, it will usually be necessary to refocus the 
image after tilting. Since refocusing using the final lens alters image 
magnification, focus must be corrected by moving the specimen back 
to the focal position with the z-axis control, during which the final 
lens current must be held constant. Similarly, in making photographic 
prints or slides refocusing must not be attempted once the enlarger 
or camera settings are made for the first image. The lateral shift of the 
specimen can be corrected with the stage x and y controls. It may help 
to mark the position of a conspicuous feature on the viewing screen 
using a water-or spirit-based pen of the type used for overhead 
transparencies. 

There is no hard and fast rule about the angle between successive 
exposures for SEM stereo-pairs. In normal vision the angle between 
the eyes and a viewed object is about 12:5° at 30 cm distance, and 4° 
at 100 cm. Any angle in this range will usually provide a satisfactory 
stereo effect. From the point of view of measurement the choice of tilt 
angle must, however, be accurately known and sufficient to result in 
a measurable parallax shift in the features to be measured. Techniques 
for making measurements from stereo-pairs are discussed by Boyde 
(1974) (see also Chapter 2). 


8.6. THE SCANNING ELECTRON MICROSCOPE AS AN 
EXPERIMENTAL TOOL 


8.6.1. Descriptive versus Experimental Scanning Electron 
Microscopy 


Scanning electron microscopy has hitherto been used primarily as an 
observational tool and its experimental capabilities have been some- 
what neglected. Nevertheless, SEM, and in particular LTSEM, can be 
used as an indispensible part of an experimental strategy. Compared 
with ATSEM, morphological data generated by LTSEM is more faithful 
to that in vivo. Furthermore, the short preparation time, flexibility of 
the technique, ability to cryofix specimens remote from the scanning 
electron microscope and the capability to store large numbers of 
frozen-hydrated samples for extended periods (see Section 8.3.6) make 
LTSEM a formidable experimental tool. Correlative microscopy on the 
same specimen (see Fig. 8.34), cytochemistry and immunocytochemistry 
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(see Section 8.6.2) can also significantly enhance the experimental 
power of SEM (Read and Jeffree, 1991). 

A major disadvantage of ATSEM is that specimen processing times 
are usually long (typically 1-2 days) and labour-intensive. In practice, 
this restricts the number of treatments that can be easily processed 
for experimentation. Specimen preparation for LTSEM, on the other 
hand, can be very rapid (typically a few minutes to 15h) and, when 
coupled with long-term storage, this allows repeated sampling at short 
intervals, even from the same material. van Gardingen et al. (1989) 
used this approach in the measurement of stomatal aperture sizes and 
variance during their responses to environmental variables. The short 
preparation time can also be used to study dynamic processes such 
as fungal infection of an individual plant (Beckett and Woods, 1987). 

Low-temperature SEM has the unique capacity to allow experimental 
analysis of physiological processes which are dependent on the degree 
of cell hydration. This has allowed the analysis of ice crystal formation 
and concomitant changes in cell shape during slow freezing of leaves 
(Allan, Read, Jeffree and Steponkus, unpublished), desiccation-induced 
changes in leaves and lichens (Brown et al., 1987; Pearce and Beckett, 
1987) and, as previously described, variations in stomatal aperture due 
to changes in guard cell turgor (van Gardingen et al., 1989). 

Labile materials which are normally removed by solvent action 
during preparation for ATSEM are preserved in LTSEM thus allowing 
them to be imaged and experimentally manipulated. In this way it 
has been possible to characterize the interaction of spray and pesticide 
droplets on the leaf cuticle (Figs 8.55-8.57, 8.70, 8.71; Hart, 1979; Hart 
and Young, 1987; Jefferies, 1989) and determine the effects of abrasive 
wind damage on the epicuticular waxes of grass leaves and pine 
needles (Pitcairn et al., 1986; van Gardingen et al., 1991). 

With suitable apparatus, it is possible to explore the physical nature 
of a sample by micromanipulation of specimens whilst under direct 
visual control in the scanning electron microscope (Koch, 1985; Hayes 
and Koch, 1975; Fujikawa et al., 1990). In addition, by controlled 
etching of a frozen-hydrated specimen feature using LTSEM (see 
Section 8.3.5) one can readily establish whether a feature is primarily 
aqueous or contains substantial dry matter (Figs 8.62 and 8.63). In all 
of these studies the unique contribution of LTSEM has been the ability 
to stabilize the water content of the tissue, and thus stabilize hydration- 
dependent morphology. 

As a final example, SEM can be used experimentally to identify 
stages of preparation which result in artifactual changes in specimen 
structure. In our study of water droplets in leaves (Figs 8.61-8.63; 
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Jeffree et al., 1987), the process of cryofixation was manipulated in 
order to influence the measured cooling rate and the direction of 
cooling across the leaf tissue. It was shown that the location and 
amounts of extracellular ice deposits were strongly and reproducibly 
influenced by these treatments, indicating that they were largely 
artifactual in origin and not naturally present, as had been implied in 
previous studies (Willison et al., 1984; Pearce and Beckett, 1986). 


8.6.1.1. Correlative Microscopy on the Same and on Different 
Specimens 


LTSEM can have a pivotal position in correlative microscopy, if optimal 
cryofixation is achieved. Following examination in the scanning 
electron microscope well-fixed frozen-hydrated specimens can be 
processed in a variety of ways to prepare them for most other forms 
of microscopical examination and analysis, using techniques which 
are already well-established. Some of these possibilities are indicated 
in Fig. 8.34. For example, specimens may be freeze-dried, either in 
the SEM specimen chamber or in the cryopreparation unit for ATSEM 
(Fig. 8.54); freeze-substituted and critical-point dried for ATSEM; 
or freeze-substituted and then embedded at low temperature for 
immunogold labelling for TEM. Thick sections of 03-2 um can be 
stained or subjected to cytochemical or immunocytochemical pro- 
cedures to localize enzymes, specific proteins and other constituents. 
Bulk frozen-hydrated material can be cryosectioned and the sections 
subjected to XRMA (Gupta and Hall, 1981). If the coating of a frozen- 
hydrated specimen is of adequate quality it can be removed from the 
specimen and used in the same way as a freeze-fracture replica for 
TEM (Wilson and Robards, 1984; Fujikawa et al., 1990). 

To date, these correlative possibilities have not been extensively 
explored by plant scientists, probably because of the generally poor 
quality of cryofixation hitherto possible in the centre of large frozen- 
hydrated specimens. However, the techniques required to prepare 
specimens suitable for high-resolution LTSEM using FESEM (especially 
hyperbaric freezing (Section 8.3.3), high-resolution coating (Section 
8.4.1) and low-kV/low-electron dose examination) will also substantially 
improve the suitability of even quite large specimens for onward 
processing for correlative microscopy. 

An exciting approach to correlative microscopy has been the 
development of techniques to examine the same specimen at different 
stages of growth or development. The use of non-deleterious replica 
procedures have been used to study meristem development in the 
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Figs 8.74 and 8.75. Sordaria macrospora. LTSEM of the same group of ascospores before 
and after germination on cellophane. After initial examination (Fig. 8.72) the spores 
were incubated on agar medium for 40 h before they were examined after germination 
(Fig. 8.73). Both samples were individually: CF (SCN.); PFD; SC (Au); SEI (5 kV). 
Bar = 100 um. (Reproduced from Read, 1991, with permission.) 


same shoot (Figs 8.27-8.29; Williams and Green, 1988). Recently it has 
also been possible to monitor the same fungal spore before and after 
germination without having to resort to replicas (Figs 8.74 and 8.75). 
The viability of ascospores of Sordaria macrospora is unaffected by 
examination in the frozen-hydrated state although hyphae will not 
survive this treatment. To our knowledge, this is the first time that 
any cell type has conclusively been shown to survive specimen 
preparation for, and examination by, electron microscopy (Read and 
Lord, unpublished). It may also be possible to analyse other cell types 
(e.g. pollen grains or fungal spores of other species) in the same way. 


8.6.2. SEM Cytochemistry and Immunocytochemistry 
Cytochemistry has, on the whole, not been very evident in botanical 


SEM. The probable reason for this has been that the information 
contained in SE images is almost entirely topographic. The chemical 
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identity of reaction products cannot therefore be readily determined 
in SE mode. Jeffree et al. (1989) used enzyme extraction procedures, 
followed by conventional and LTSEM to investigate the composition 
of callus cell surface protuberances. This is a basic principle widely 
adopted in cytochemistry (e.g. see Chapter 1, Pearse, 1985), and of 
considerable value provided the specificity of the enzyme or other 
extractant procedure is stringently characterized. 

Imaging with BSEs and X-rays can enable atomic number contrast 
and positive identification and mapping of elements to be performed, 
respectively (see Sections 8.5.1 and 8.6.4). These techniques are therefore 
a key to histochemical and cytochemical methods for SEM involving 
heavy metals which show large atomic number contrast against the 
low mean atomic number of the cell. A considerable repertoire of 
techniques for enzyme cytochemistry have been developed for TEM 
specimens (see Chapter 3). These methods usually use heavy-metal 
reaction products containing lead or osmium, and are therefore obvious 
starting-points for experimentation with SEM cytochemistry. For 
example, osmium tetroxide reacts with azo groups in hydrazides 
introduced into the tissue. This is the basis of the OTO process 
(Seligman et al., 1966) (see Section 8.2.2). Silver salts and silver 
proteinate can also be employed as alternatives to osmium in this type 
of reaction, as used in the Thiéry reaction for the cytochemical 
identification of polysaccharides (Thiéry, 1967; Chapter 1). 3,3’- 
Diaminobenzidine can be used as a substrate for peroxidase, the basis 
of the classic procedure for localization of peroxidase (Graham 
and Karnovsky, 1966). The reaction produces insoluble polymeric 
phenazines which can be complexed with osmium tetroxide to form 
electron-dense osmium black. Other potential cytochemical procedures 
for SEM are suggested by the phosphatase reactions which precipitate 
lead salts (see Chapter 3). 


8.6.2.1. Immunocytochemistry with Colloidal Gold Probes 


One of the most exciting developments in cytochemistry has been the 
immunogold technique and related procedures using colloidal gold 
conjugated with other molecules. These techniques allow unpre- 
cedented precision, specificity and versatility in the localization of 
molecules, including small antigens (e.g. abscisic acid) in cells and 
tissues (Chapter 5). Colloidal gold sols with defined particle sizes in 
the range 15-150 nm can be made by reducing a boiling solution of 
gold chloride with sodium citrate (Frens, 1973). Smaller particles can 
be produced by reducing gold chloride with white phosphorus or 
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with ethanol (Baigent and Müller, 1980), and 12nm gold can be 
prepared at room temperature by reduction of gold chloride with 
ascorbate (Perrot-Rechenmann and Gadal, 1986). Coupling colloidal 
gold particles to antibodies, lectins or enzymes produces probes which 
can be detected individually in the transmission and scanning electron 
microscopes, or en masse, by virtue of their red colour, in LM. 
The process by which colloidal gold adsorbs proteins and other 
macromolecules may be an electrostatic interaction, but is still poorly 
understood (de Roe et al., 1987). Proteins are most readily adsorbed 
by colloidal gold at pHs close to their isoelectric points. 

Gold particles down to 10nm in diameter can theoretically be 
resolved by conventional SEM, but after coating may be difficult to 
locate against granular backgrounds in SE images. Gold particles below 
50 um imaged with SEs become progressively less distinct the smaller 
they become. Horisberger and Clerc (1987) successfully imaged gold 
labels with diameters in the range 40-70 nm using SEs on uncoated 
specimens, employing a beam accelerating voltage of 30kV (Figs 
8.76-8.78). The atomic number contrast available in BSE imaging modes 
helps to image smaller particles, 20-40 nm in diameter, by producing 
a bright signal from the gold against a dark background (Soligo et al., 
1985). Small probes (< 10 nm in diameter) may enable submolecular 
mapping to be performed in the scanning electron microscope (Müller 
et al., 1989). Small probes require high-resolution SEM techniques and 
the informed use of imaging processes in the SEM such as specimen 
biasing (Miller et al., 1989). Interestingly, Pawley and Albrecht (1988) 
noted that at beam accelerating voltages between 1 and 5kV, SE 
imaging of small gold particles mimics the BSE image at 20kV, 
suggesting that the SE rather than BSE mode might be quite adequate 
for imaging small colloidal gold in low-voltage SEM. 


8.6.3. Autoradiography 


The possibility of SEM autoradiography has been explored with animal 
tissues (Hodges and Muir, 1974; Hodges et al., 1974a,b). However, 
significant technical difficulties arise from the requirement to coat the 
specimen with nuclear emulsion, and subsequently to remove the 
protein constituents of the emulsion to reveal surface structure. 
Rehydration of the specimen, both during coating with emulsion and 
the later photographic chemical processing, compromise specimen 
structure and will extract or redistribute soluble constituents. The 
results published so far have therefore been of disappointing quality. 
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The images obtained by Nanci ef al. (1990) using BSE imaging on 
autoradiographically labelled resin sections are quite promising, 
producing spatial resolution better than is possible with LM (Figs 8.68 
and 8.69). It seems unlikely that SEM autoradiography can be performed 
on specimens for LTSEM without losing many of the advantages which 
result from the examination of a specimen immobilized in a pristine 
and undisturbed state. 


8.6.4. X-Ray Microanalysis 


The application of X-ray microanalysis to the identification of solid, 
immobile elements of the plant tissue (e.g. silica, or plant surface 
pollution contaminants, metal probes or metal reaction products in 
cytochemical applications) can be extremely informative, and if 
performed on specimens examined by LTSEM, the elemental data can 
be seen against the background of optimally preserved fine structure. 
A problem which can be a disadvantage with XRMA is that the 
distribution of soluble constituents, such as Ca** ions, in tissues is 
subject to artifactual redistribution during cryofixation. This results 
from the growth of ice crystals and the concentration of solutes in 
segregation zones (Figs 8.58, 8.64-8.66) in solutes as freezing proceeds, 
and also from the likely displacement of supercooled solutes ahead of 
the freezing front during rapid cooling (Jeffree et al., 1987). There are 
good reasons to believe that such artifacts are unlikely to be eliminated 
in bulk tissue by any form of cooling at ambient pressures. Whether 
true hyperbaric freezing (Section 8.3.3) can be a solution to the problem 
has not been investigated experimentally. X-ray microanalysis is dealt 
with in detail in Chapter 9 and will not be considered further here. 


Figs 8.76-8.78. Saccharomyces cerevisiae (mnn 9 mutant). Surface-labelling of cells using 
collodial gold probes. ATSEM: Dehyd. (ethanol); CPD; uncoated; SEI (30 kV). Fig. 8.76. 
Localization of surface-exposed chitin. Wheat-germ agglutinin—gold (71 nm diameter). 
Mother cell surfaces (M) are labelled. Other cells are almost free of label. Bud and birth 
scars are unmarked. Bar = 1 um. Figs 8.77 and 8.78. Localization of anionic cell surface 
sites. Chitosan—gold (47 nm diameter). Fig. 8.77. Density of anionic sites is greater on 
the mother cell (M) than on the daughter (D). Bud scars (arrows) are unlabelled. Bar = 
500 nm. Fig. 8.78. Cells treated with a-mannosidase before labelling. Anionic sites are 
distributed uniformly on the surface of each cell, including bud scars (arrows) at a 
greater density than on untreated cells, and at a higher density on mother (M) than on 
daughter (D) cells. Bar = 500 nm. (Reproduced with permission from Horisberger and 
Clerc, 1987.) 


398 C.E. Jeffree and N.D. Read 


8.7. FUTURE DEVELOPMENTS IN HIGH-RESOLUTION 
BOTANICAL SCANNING ELECTRON MICROSCOPY 


We firmly believe that the most important developments in botanical 
SEM in the near future will be in the area of high-resolution SEM. At 
low beam accelerating voltages in SEM much of the useful signal is 
derived from the specimen coating. In preparing a freeze-etch replica 
from a similar specimen coating for TEM we expect, and get, much 
higher resolution than is achievable with a _ thermionic-sourced 
conventional scanning electron microscope. Field-emission scanning 
electron microscopes capable of resolving < 1-2 nm can image most 
of the useful detail in replicas, and should be able to achieve similar 
performance with minimally coated or with uncoated fully frozen- 
hydrated specimens. A major potential in high-resolution SEM in the 
future is to close the gap between the resolution achievable with SEM 
and that which is routinely obtained in TEM. 

Cryofixation can be seen as a starting-point for botanical microscopy 
by providing optimal specimen preparation. Consequently high- 
resolution LTSEM is likely to have a pivotal role in future applications 
of botanical microscopy since, as indicated in Fig. 8.34, almost all 
microscopical end-uses of a specimen can be achieved from the 
starting-point of optimal cryofixation and LTSEM. The consequences 
of improving SEM performance, particularly at low voltages, by using 
field-emission scanning electron microscopes will be that improvements 
will have to be made in all of the support technologies currently used 
for cryofixation (and chemical fixation), specimen handling and 
specimen coating. The technologies necessary are all known, and are 
all commercially available. These technical requirements for high- 
resolution botanical LTSEM can be specified as follows: 


(1) Ultrarapid cooling of very small samples by plunge-freezing in 
liquid ethane or propane, or by slamming against liquid nitrogen- 
or helium-cooled copper. 

(2) Hyperbaric freezing of larger samples. 

(3) Ultrahigh vacuum pumping and the provision of effective cold 
traps in specimen handling and examination chambers. 

(4) Dedicated cryopreparation systems with highly stable cold stages 
and specimen stubs capable of working close to or inside the 
final lens pole-piece to obtain the shortest possible working 
distances. 

(5) Conductive coatings of precisely controlled thickness and fine 
grain. 
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(6) Field-emission scanning electron microscope optimized for low- 
voltage operation (0:5-10 kV) with high bandwidth SE and BSE 
detectors. 


These are expensive criteria to cater for, particularly since almost 
nothing in the way of equipment currently available in the average 
LTSEM lab will be suitable for use, but there will be considerable 
benefits, including: 


(1) Dramatically improved resolution. 

(2) Fine structure can be viewed at high resolution in the context 
of large-scale morphology. 

(3) Specimens with complex topography can be visualized with 
spatial relationships preserved (this is difficult and often imposs- 
ible with replicas examined by TEM due to fragmentation of the 
replica). 

(4) The surface of the specimen itself, not a replica, is directly 
examined. 

(5) Tighter control of beam penetration depths coupled with brighter 
beams will provide better XRMA from more precisely defined 
tissue volumes. 

(6) Visualization of small (< 15 nm) gold labels. 

(7) Optimally cryofixed specimens which are suitable for correlative 
microscopy. 
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LIST OF ABBREVIATIONS USED IN THE FIGURES 


1°Fix = primary chemical immersion fixation; 2°Fix = secondary 
chemical immersion fixation; ATSEM = ambient-temperature scanning 
electron microscopy; Au = gold; BSE = back-scattered electron image; 
CF = cryofixed; CPD = critical-point dried; Dehyd = dehydration; 
DMSO = dimethyl sulphoxide; EC = evaporatively coated; Fa = 
formaldehyde; FF = freeze-fractured; FFD = fully freeze-dried; FFH 
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= fully frozen-hydrated; Ga = glutaraldehyde; LM = light microscope; 
LN, = liquid nitrogen; LP = liquid propane; LTSEM = low- 
temperature scanning electron microscopy; OsO, = osmium tetrox- 
ide; PATOTO = periodic acid—thiocarbohydrazide-osmium-thio- 
carbohydrazide-osmium procedure; PFD = partially freeze-dried; 
Pt = platinum; Pt/C = platinum/carbon; SC = sputter-coated; SCN, 
= subcooled nitrogen; SEI = secondary electron image; SEM = 
scanning electron microscopy; TEM = transmission electron micros- 
copy; VFix = chemical vapour fixation. 
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9.1. INTRODUCTION 


Microanalysis 


spans a wide variety of technologies usually involving 


samples with a volume of a femtolitre (1 fl = 10715 litre) to a few 
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picolitres (1 pl = 10° litre). Concentrations of elements in micro- 
droplets (10-100 pl) are determined routinely (e.g. in hospitals) by 
various means (Bostrom et al., 1988; Roinel, 1988), but, in many cases, 
the real challenge is to obtain, simultaneously, detailed structural 
information about the sample being analysed. This is perhaps the 
main reason why, in our field of interest, microanalytical methods are 
so closely associated with the use of electron microscopes of both the 
scanning and transmission types, and hence electron probes (X-ray 
microanalysis, XRMA). There are important alternatives such as the 
proton probe (proton-induced X-ray emission, PIXE; Legge et al., 1979; 
Ender et al., 1983; Mazzolini et al., 1983) and laser microprobe mass 
analyser (L.AMMA; Bochem and Sprey, 1979; Heinrich, 1984; Van 
Steveninck et al., 1987a), but these techniques are at present not widely 
used in plant science and are therefore not within the scope of this 
chapter. 

X-ray emissions resulting from the interaction of an electron beam 
with the specimen material are generally measured by means of crystal 
spectrometers (wavelength-dispersive X-ray spectroscopy, WDXS) or a 
solid-state detector (energy-dispersive X-ray spectroscopy, EDXS), the 
latter being more widely used over the last decade. Other methods 
such as electron energy loss spectroscopy (EELS) have also progressed 
rapidly in recent years, and may have some advantages, such as a 
relatively greater detection sensitivity especially for elements of 
biological interest with low atomic numbers. With the recent advent 
of highly efficient parallel detection systems (PEELS), it is now 
becoming apparent that EELS may surpass the performance of EDXS 
even for heavier elements such as phosphorus and calcium (Shuman 
and Somlyo, 1987). However, EELS has some disadvantages. It is 
restricted to the analysis of ultrathin sections in the scanning 
transmission mode. Furthermore, EELS data are complex and require 
greater interpretive skills than X-ray data. In addition, the main 
advantage of EELS over EDXS (for elements with low atomic numbers) 
has been overcome with the introduction of new X-ray detection 
systems (germanium) with ultrathin windows (diamond), which allow 
the effective analysis of elements as light as B and Be. No further 
attention will be paid to the EELS method in this chapter, but those 
who are interested in a direct comparison of the sensitivity and 
performance of EELS and EDXS should consult the recent chapter by 
Leapman (1989) in Electron Probe Microanalysis, edited by Zierold and 
Hagler (1989). 

It is also outside the scope of this chapter to provide a detailed 
account of the physical principles involved in electron probe X-ray 
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spectroscopic analysis. A brief summary is provided in our earlier 
chapter (Van Steveninck and Van Steveninck, 1978 in Hall, 1978) and 
more detail can be found in the extensive and definitive review by 
Hall (1971), and in many volumes on the subject, e.g. Hayat (1980) 
and Morgan (1985). Although the physical principles have not changed, 
much progress has been made with respect to specimen preparation 
and the quantitation of results. With regard to specimen preparation, 
Ted Hall, a pioneer in establishing electron probe microanalysis as a 
tool in biological research, said: ‘Today, if there is any question of 
inadvertent displacement of the elements of interest, the only respect- 
able course is cryopreparation, starting with the quench-freeze of a 
small sample’ (Hall, 1989). Thus, ion precipitation as a means of 
localizing mobile ions in plant tissue (Van Steveninck and Van 
Steveninck, 1978) is unlikely to be of value, except for broad-scale 
localization. There are, of course, different ways of proceeding with 
cryopreparation, often leading to controversy. For example, currently, 
there is much discussion regarding the relative merits of different thin 
section techniques which are based on analysis of frozen-hydrated 
(FH) cryosections, freeze-dried (FD) cryosections, or freeze-substituted 
(FS) sections (obtained after replacement of all water molecules in 
quench-frozen tissue by organic solvent and resin). 

With regard to quantitation, Roomans (1988) said: ‘Standardless 
quantitative X-ray microanalysis of biological specimens is impossible’, 
and it is now recognized that quantitation requires the use of 
appropriate standards. It must be admitted that most data presented 
in recent publications must still be regarded as semi-quantitative or 
qualitative only, i.e. indicating only presence or absence of various 
elements in cell or tissue components (e.g. Hodson and Sangster, 
1989b). Since quantitative microanalysis is a realistic aim for future 
research, this chapter focuses on these two important aspects, specimen 
preparation and the use of standards. Much detailed information 
regarding the respective advantages of different methods of specimen 
preparation, choice of standards, etc. can be gleaned from publications 
based on recent conferences, such as ‘Electron Probe Microanalysis’ held 
at Schloss Ringberg in 1988 (Zierold and Hagler, 1989), or the series of 
international meetings on ‘Low Temperature Biological Microscopy and 
Analysis’ held in Cambridge (UK), e.g. the third in April 1985 with 
papers published in the Journal of Microscopy 140(1) and 141(3) and the 
fourth in April 1990 (Journal of Microscopy 161 (1) and (2)). 

Plant science generally is not richly endowed with grants for high- 
cost equipment. The intention of this chapter is therefore to provide 
a guide to the most reliable, relatively low-cost techniques of electron 
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probe X-ray microanalysis available at the present time. Although 
much can be learned from experience in the medical field, there is 
often a lack of understanding of the extreme difficulties encountered 
with plant material containing impenetrable cuticles, tough cell 
walls, large air-filled spaces, and large, matrix-free, aqueous vacuoles 
containing highly mobile ions. These features make the localization of 
mobile ions extremely difficult, and, in some cases, impossible, using 
current methods. But, concentrating on the most productive technique 
for plant material at present, a large proportion of this chapter will be 
devoted to low-temperature X-ray analysis of frozen-hydrated bulk 
specimens using a scanning electron microscope. Approximately 12 
years ago, we predicted that this method, to which only a small section 
(i.e. only one page out of 40) was allocated at that time, would 
eventually provide the most reliable data on ion distribution in plant 
cells (Van Steveninck and Van Steveninck, 1978). However, this is not 
the only relatively reliable technique. Although it can provide valuable 
preliminary results, these should then be checked using alternative 
methods of specimen preparation, such as frozen-hydrated or freeze- 
dried sections, or sections from material which has been freeze- 
substituted in the presence or absence of precipitants (Van Steveninck 
et al., 1976b; Harvey et al., 1979; Harvey and Kent, 1981). These 
techniques, although possibly allowing some displacement of mobile 
ions, are essential if analysis with a higher degree of spatial resolution 
is required. In general, this chapter will not provide clearcut ‘recipes’ 
because the detail of the methods will vary considerably depending 
on the equipment and instrumentation available, and of course, on 
the requirements of the particular project. Rather, the aim is to give 
the reasoning behind the various stages of the methods currently in 
use, so that the newcomer can make informed decisions regarding the 
procedures most suited to the project and most likely to yield reliable 
results. 


9.2. SPECIMEN PREPARATION 


The prime factor determining the method used to prepare a specimen 
for microanalysis is, of course, the type of information sought. Often 
qualitative data are required, e.g. for the identification of constituents 
of mineral-containing deposits either naturally present in cells or 
tissues or incorporated during experimental treatments (see Section 
9.2.1). 
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On the other hand, for quantitative measurement of concentrations 
of mobile ions in cells or organelles, stringent methods must be 
employed to ensure that no relocation or loss of the elements of interest 
occurs during the preparative stages (or during analysis). In this 
case, tissues are initially quench-frozen (see Chapter 7). Subsequent 
preparation for analysis can proceed in several ways, and the main 
advantages and disadvantages of each procedure are summarized in 
Table 9.1 and discussed in the relevant sections. 


9.2.1. Mineral-Containing Deposits 


In plant cells, elements such as P, Si, S, Ca, Mg, Mn, Fe, Cu and Zn 
can be deposited or incorporated as relatively insoluble complexes, 
not only in intercellular spaces and the fibrillar matrix of thickened 
cell walls, but also as globular deposits or crystalline products in the 
cytoplasm or vacuoles. Microanalysis of these biomineralized deposits 
can produce important information about mineral storage in seeds, 
the deposition of secondary plant products, mechanisms of heavy- 
metal tolerance, the role of silicon in plants, and many other 
processes which involve localized enrichment of particular elements. 
Unfortunately, with only a few exceptions (Lott et al., 1984; Hodson 
and Sangster, 1989b), analytical data from such deposits have lacked 
precision because conventional methods of specimen preparation were 
used (Baldi et al., 1987; Lignell et al., 1982). In spite of the presumed 
insolubility of the deposits, conventional preparation involving aque- 
ous and organic solvents can lead to serious errors (Orlovich et al., 
1989). These authors compared the elemental composition of freeze- 
substituted and conventionally fixed P-containing gametes of the 
ectomycorrhizal fungus Pisolithus tinctorius. The long-held view that 
Ca is the main cation bound to polyphosphate granules was confirmed 
by conventional preparation, but freeze-substitution showed that K* 
and Na* were the main cations bound to the granules. Hence, it is 
important to check the results of analysis of conventionally prepared 
samples by a method based on initial freezing. 

Microanalysis is also used for the verification of elements added 
during experimental treatments, e.g. La** used as an apoplastic tracer 
(Huang and Van Steveninck, 1989b), or La?* accumulation in vesicles, 
vacuoles and nucleoli (Van Steveninck et al., 1976a; Peterson et al., 
1986), or deposits resulting from in situ reactions, e.g. Pb-containing 
deposits localizing ATPase activity (Van Steveninck, 1979), or cerium- 
containing deposits localizing a peroxisome enzyme (Kausch et al., 
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1983). In this case, conventional fixation, dehydration and embedding 
are generally adequate to provide sections for microanalysis, as long 
as elements introduced in these procedures do not interfere with 
microanalysis, e.g. osmium used as a fixative. 


9.2.2. Quench-Freezing 


Freezing is covered elsewhere in this book (Chapter 7) but some points 
will be emphasized here. Less experienced workers may fail to 
appreciate that structural damage and displacement of mobile elements 
may occur even before freezing, i.e. between excision and the actual 
freezing. It is essential to minimize exposure to stressful conditions 
during this time, and hence practice runs should be carried out to 
ensure that excision and, for bulk samples, attachment of the tissue 
to a stub before freezing, can be achieved as rapidly as possible (in 
seconds rather than minutes). The timing of excision should coincide 
with the availability of melting nitrogen. The piece of tissue to be 
frozen should rarely be larger than a few cubic millimetres in volume, 
and should be trimmed to this size with a sharp blade or surgical scissors 
immediately before quench-freezing. Excision should preferably be 
carried out in a small humid chamber in order to avoid loss of 
moisture, especially if tissues are not protected by a cuticle. On the 
other hand, the general atmospheric conditions in the laboratory 
should be as dry as possible to avoid condensation on rims of Dewars 
and on other equipment with cold surfaces. This applies especially to 
equipment generating the melting nitrogen, where condensation must 
be removed and components thoroughly dried (using a hair-dryer) 
before each refill with liquid nitrogen. 


9.2.3. Frozen-Hydrated (FH) Bulk Specimens 


This section is based largely on the authors’ personal experience over 
the last five years. The ready commercial availability of simple but 
well-designed cryotransfer systems and temperature-controlled SEM 
stages which can be maintained at liquid nitrogen temperature, has 
greatly facilitated the use of FH bulk samples. Although this method 
lacks the visual and spatial resolution which can be achieved with 
thin sections, it can provide quantitative information at the cellular 
and the subcellular level, provided the minimum dimension of the 
analysed organelles is greater than 3 um (Van Steveninck et al., 1988). 
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Another advantage is the speed and simplicity of specimen preparation 
which allows the analysis of many samples during one day and the 
possibility of quickly discarding samples with inferior topography. 


9.2.3.1. Stubs 


A wide range of custom-made stubs should be available, with grooves, 
holes, slits, etc. of various dimensions which are designed to hold a 
small, excised, piece of tissue of particular shape (e.g. a root tip or a 
leaf segment) without the slightest bruising, especially of the region 
to be fractured and analysed. The choice of material from which the 
stubs are made depends on the elements of interest and their X-ray 
energies. Clearly stubs made of aluminium should not be used in a 
study of Al or Si deposits on root surfaces. Similarly, in spite of 
excellent collimation of the beam, when a sample is analysed close to 
the edge of a brass stub, spurious Cu L, X-rays may interfere with 
Na K, or Zn L, measurements. In order to avoid such complications, 
carbon stubs are frequently used in our laboratory. However, the 
carbon rods from which they are made should be spectrographically 
pure, or be pretested for the presence of unsuspected impurities such 
as S. The lower heat conductivity of carbon compared to brass or 
copper does not seem to affect the efficiency of the quench-freezing 
of small pieces of tissue, as long as the region to be analysed protrudes 
into the cryogen. 


9.2.3.2. Transfer and Fracture 


Various devices are now available (e.g. Hexland CT 1000, EMScope SP 
2000, BioRad E 7400) which are specifically designed to accomplish the 
transfer of the quench-frozen sample, under vacuum, to the liquid 
nitrogen-cooled stage of the microscope via an intermediate chamber 
in which the specimen is fractured. To achieve a suitable, horizontal 
fracture face requires some experience and a confident, sweeping 
movement with the liquid nitrogen-cooled scalpel blade just above 
the level of the stub. Any hesitation usually results in an uneven 
topography or in scattered debris (ice, etc.), which may obscure areas 
of interest. Specimens which fracture just below the plane of the stub 
should be discarded immediately because of the marked reduction in 
X-rays reaching the detector. 
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9.2.3.3. Surface Etching 


When viewed by SEM, a smooth planar fracture face generally shows 
very little or no detail of cell structure (Fig. 9.1a, b). The outline of 
cell walls and intercellular spaces allows general recognition of 
tissues, e.g. the cortex, endodermis and stele in a cross-section of a 
root, or palisade, spongy mesophyll, conductive tissue and paren- 
chyma of veins in a cross-section of a leaf. More detail, especially 
of cellular organelles can be seen (Fig. 9.1c) after etching of the 
tissue surface by raising the stage temperature temporarily (a few 
seconds for a light etch or some minutes for a deep etch) to 
approximately ~85°C (the temperature depends on instrument 
calibration and the SEM vacuum system). However, by the time 
some structural detail is revealed (e.g. cytoplasm and vacuoles), the 
differential removal of ice from various cell compartments, and ice 
crystal growth, especially in areas without a matrix (vacuoles), will 
have rendered quantitative analysis impossible. Even comparative 
(or qualitative) analysis of mobile elements (ions such as K*, Na* 
and Cl~) will be highly suspect. Claims to the contrary have been 
made (Koyro and Stelzer, 1988; Stelzer et al., 1988). These authors 
applied ‘droplets’ of standard solutions containing 40, 80, and 120 
mol m~? K* and Na* to the stubs supporting the specimen material 
(with P and Ca salts added to identify the standards more easily 
and a little detergent to improve adhesion of the droplets onto the 
surface of the stubs). The simultaneous quench-freezing and etching 
of specimen and standards was considered to provide a suitable 
means of quantitative comparison, based on the assumptions that 
etching results in uniform loss of ice (water), and that the ion 
distribution in the standards is uniform. However, both assumptions 
are incorrect. Etching of a biological tissue results in uneven loss of 
water molecules (ice) depending on the nature of the macromolecules 
present, and the ion distribution in frozen water droplets without 
a matrix is almost certainly heterogeneous, especially at the surface 
of the droplets (Whitecross et al., 1982). The extremely high standard 
deviations obtained by Stelzer et al. (1988) illustrate the inherent 
inaccuracy of this method of calibration. Thus, analysis of etched 
surfaces cannot produce quantitative data (Echlin et al., 1982). Other 
reasons for avoiding etching are that changes in electron penetration 
will cause varying sizes of X-ray interactive volumes and inevitable 
increases in local concentrations of elements (Echlin et al., 1982; 
Echlin and Taylor, 1986). 
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9.2.3.4. Evaporative Coating 


It is generally agreed that frozen samples should be coated with a thin 
layer of conducting material to allow examination and analysis using 
an electron beam, because frozen biological material has a low electrical 
conductivity, especially at low temperature (Echlin and Taylor, 1986). 
Absence of a coating layer generally leads to specimen charging with 
the consequent distortion of both the incoming primary electron beam 
and signals emitted from the specimen. Charging has two components: 
surface charging which reduces the energy of the injected electrons 
and interferes with the secondary electron image, and bulk charging 
inside the specimen, which is difficult to eliminate (even by means of 
coating) and may seriously affect the depth of penetration of the 
incoming primary electron beam and thus change the beam/specimen 
interactive volume from the so-called tear-drop to a flattened pancake 
shape. Thus lateral and depth resolution may undergo substantial 
changes during analysis and these changes will be difficult to assess. 

Obviously, a thin coating with a conductive material (metals or 
carbon) will reduce the problems associated with charging, but it will 
not eliminate them. Furthermore, the application of a metal coating 
will attenuate the incoming electron beam and absorb X-ray photons 
from the underlying regions. In addition, the efficiency of the pulse 
height analyser is likely to be greatly diminished by a pile-up of 
counts emanating from the surface coating. Proponents of coating seem 
to require beam currents which may be as high as 2-5 nA to give 
adequate count rates (250-400 cps, Echlin and Taylor, 1986). Clearly, 
the amount of charging can be reduced by a substantial reduction in 
the beam current and this can be achieved by optimizing the X-ray 
detector/specimen geometry. In our laboratory we regularly obtain 
count rates of the order of 1000 cps with a measured probe current 
(PCD) of the order of 0-2-0 nA. This is achieved by placing the 
ultrathin beryllium window of a 30 mm? detector (TN) 8 mm from the 
specimen at a 40° take-off angle JSM840). Under these conditions the 
advantages of coating do not outweigh the disadvantages, and hence 
it has been our regular practice not to coat specimens before X-ray 


Fig. 9.1. (a) A fractured, frozen bulk specimen which allows recognition of various 
types of cells and tissues. (b) The same specimen at higher magnification showing little 
detail of subcellular structure. (c) A specimen which has been etched by raising the 
temperature to —85°C and immediately recooling to —190°C. ep, epidermis; en, 
endodermis; co, cortex; st, stele; n, nucleus; v, vacuole. Bars represent 10 pm. 
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Fig. 9.2. Spectra from frozen-hydrated bulk samples showing deviations (b-e) from 
normal analytical conditions (a and f). (a) Normal spectrum from a sample containing 
at least 90% water. (b) Spectrum from a mineral deposit (calcium oxalate) showing low 
X-ray fluorescence because of the low water content of the deposit. (c) Spectrum showing 
loss of X-ray fluorescence towards the high-energy end due to charging at the specimen 
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Fig. 9.2. Continued 

surface. (d) Spectrum showing loss of X-ray fluorescence at the low energy end caused 
by an unfavourable take-off angle of the detector and/or by blocking of X-rays by an 
irregular specimen surface. (e) Spectrum showing a spurious peak (between P and S) 
caused by reflected backscatter-induced radiation. (f) Spectra from a specimen and a 
standard (superimposed) showing close similarity in X-ray fluorescence. 
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analysis. This saves time, and with experience the count rate and X- 
ray fluorescence pattern indicate whether optimum analytical con- 
ditions are being achieved (Fig. 9.2a). 


9.2.3.5. Recognition of Acceptable Spectra 


The X-ray fluorescence can be affected by a number of factors which, 
with some experience, are readily recognized. Such spectra should be 
regarded with caution and may lead to rejection of the specimen. For 
instance, excessive charging usually leads to loss of X-ray fluorescence 
at the high-energy end of the spectrum (Fig. 9.2c). If the topography 
of the specimen surface is irregular, parts of the specimen may be out 
of direct line of sight of the X-ray detector. This may result in low 
count rates, especially at the low energy end of the spectrum (Fig. 
9.2d). Additionally, planar surfaces may reflect back scatter-induced 
radiation towards the detector resulting in spurious peaks (Fig. 9.2e). 
Of course, X-ray fluorescence will be diminished when the sampled 
volume consists of a mineral deposit with a low water content (Fig. 
9.2b), or when the sample is freeze-dried. 


9.2.4. Freeze-Substituted Thin Sections 


After quench-freezing, the frozen water in the tissue is gradually 
replaced at low temperature by a cold organic solvent, and the solvent 
is then replaced by the embedding medium, to produce the customary 
epoxy-embedded block of tissue, ready for thin sectioning. These steps 
are carried out assuming that (1) the elements of interest are insoluble 
and immobile in the organic solvent, but water molecules can be 
transferred from the specimen to a drying agent via the solvent, (2) 
no traces of aqueous water and/or phase boundaries between water 
and ice occur (as in critical-point drying), and (3) the organic solvent 
is fully compatible with the epoxy resin, thus producing minimal 
effects in the tissue of viscous flow or lack of penetration by the resin. 
Thereafter, sections are cut dry and transferred singly onto grids. 
The main drawback is that freeze-substitution is a slow process. 
Replacement of the frozen water with acetone may take only a few 
days, but improved ultrastructural preservation and retention of water 
soluble ions are obtained by substitution with 10-20% acrolein in 
diethyl ether which may take several weeks (Van Zyl et al., 1976; 
Canny and McCully, 1986). It is also difficult to establish the absence 
of internal shifts of mobile solutes, even when there is minimal or no 
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Table 9.2. Method for preparation of freeze-substituted specimens for X-ray microanalysis of 
water-soluble compounds 


Freezing Approximately 1 mm? pieces of tissue plunged into 8% 
methylcyclohexane in 2-methylbutane at —170°C. (Tissue cut with 
liquid nitrogen-cooled, thin razor blade, adheres to blade and can 
be plunged into freezing medium.) Place in dry box. 


Substitution In dry box, transfer tissue pieces (on blades) to vials of substitution 
fluid (acetone, ether, acrolein-ether, etc.) containing activated 
molecular sieve and already at —78°C. Seal vials and store on 
shaker at —78°C for required time (3 days for acetone, 4 weeks for 
ether). Warm gradually over several days, e.g. 1 day at —40°C, 1 
day at —18°C, 1 day at +2°C and place in dry box to reach room 
temperature. 


Infiltration Transfer tissue samples to fresh, dry substitution fluid in dry box. 
Infiltrate with increasing proportions of Spurr’s medium (dried 
over molecular sieve) in the usual way. Remove from dry box 
when in 100% Spurr’s medium, and polymerize at 60°C, 
overnight. 

Sectioning Section dry for microanalysis, or cut thinner sections onto acetone or 


other liquids,and examine by TEM for holes indicating loss of 
soluble compounds during sectioning. 


loss of elements to the processing media during the entire procedure 
(Harvey et al., 1976). 

Clearly the choice of substitution solvent depends on the properties 
of the elements or compounds of interest. A useful schedule was 
presented in our previous chapter on this subject (Van Steveninck and 
Van Steveninck, 1978), and a modified form is reproduced here (Table 
9.2). Even in 1978, it was pointed out that ‘the number of variations 
in existing schedules is almost equal to the number of publications 
on the subject’. These variations were comprehensively reviewed by 
Harvey (1982) and this review may be regarded as a definitive source 
of information on this subject, as few real improvements in the method 
have been published recently. Exceptions are the possible use of some 
alternative embedding media (e.g. Lowicryl K11M; Edelmann, 1989) 
and the addition of dimethoxy propane (DMP) to the substitution 
medium (Kaeser, 1989). Because of its great affinity for water the 
presence of DMP may obviate the necessity for drying agents 
(DMP + HO- acetone + methanol) or working in a dry nitrogen 
gas atmosphere. Its effect on the retention of mobile ions is being 
tested (Kaeser, 1989). 
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9.2.5. Frozen-Hydrated and Freeze-Dried Thin Sections 


The paper by McDowell et al. (1983) on electron microscopy of FH 
thin sections of vitreous ice and vitrified biological samples may be 
regarded as the key to the direct use of hydrated cryosections for high- 
resolution X-ray microanalysis. Soft biological tissues can now be 
sectioned relatively easily on commercially available equipment (Roos, 
1989). But from plant tissues, consisting of tough cell walls adjacent to 
thin cytoplasmic layers with large matrix-free vacuoles and intercellular 
spaces, the production of uniform cryosections is extremely difficult 
and, to date, there are no published records of direct X-ray microanalysis 
of FH thin sections. At present, freeze-substitution is the preferred 
method of section preparation, but increasingly ingenious devices are 
becoming available to facilitate cryo-ultramicrotomy. Even when 
section cutting and handling difficulties are overcome, cryosections 
will still present problems because of lack of contrast and instability 
in the electron beam. 

There are, however, a few records of microanalysis of freeze-dried 
cryosections of plant material resulting in a broad-scale assessment of 
redistribution of K and Cl (Campbell et al., 1981; Satter et al., 1982). 
Sections about 100 nm thick were cut from Freon-frozen tissue using 
an LKB Ultrotome V fitted with a Cryokit to maintain the temperature 
at —75°C. The ribbon of sections was collected, flattened and dried 
under atmospheric pressure at —75°C, and warmed to room temperature 
before analysis. 

Freeze-dried cryosections of animal tissues have been embedded 
under vacuum at low temperature (Wroblewski, 1989), and this method 
may hold some promise for high-resolution microanalysis, provided 
good-quality sections can be obtained. 


9.3. ANALYSIS AND QUANTITATION OF RESULTS 
9.3.1. Spatial Resolution 


Although often ignored, spatial resolution is a much debated aspect 
of quantitative microanalysis since it depends on the size and shape 
of the electron interactive volume of the specimen where X-rays are 
produced, and on the degree of X-ray absorption which occurs within 
the specimen before X-rays are emitted. Hence, the actual spatial 
resolution is rather uncertain. This problem can be partially overcome 
by the use of standards which mimic the physical properties of the 
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a. Bulk specimen b. Thin section 


Fig. 9.3. Diagrams showing the loss of spatial resolution with increasing specimen 
thickness, and with higher accelerating voltages (L to H) in bulk specimens (a). The 
diagrams also show that in bulk specimens, spatial resolution increases with the take- 
off angle as the pathway of X-rays within the specimen becomes shorter. 


specimen, but in addition, spatial resolution can be optimized by 
consideration of the following: 


(1) 


Better resolution can be obtained by using thin sections, rather 
than bulk samples (Fig. 9.3). However, the interactive volume of 
a thin section is limited (by the thickness of the section) and, 
in the case of low-density material, the resulting electron scatter 
will be limited so that X-ray count rates may be too low for 
detection of specific elements unless a larger area is scanned, 
with consequent loss of resolution (see Sections 9.3.6 and 9.3.7). 
In FH bulk samples, the interactive volume is pear-shaped, and 
its size depends largely on the accelerating voltage (Fig. 9.3). 
Oates and Potts (1985) have clearly demonstrated that at a 
relatively low voltage of 12-15 kV, the depth resolution of X-rays 
of elements of biological interest (z = 11-20) is 2-3 jm and lateral 
resolution 1-2 um. This may be satisfactory for determining 
elemental contents, such as K, S and Cl in chloroplasts (Van 
Steveninck et al., 1988), or the cytoplasmic contents of meri- 
stematic cells (Huang and Van Steveninck, 1988, 1989a), but this 
resolution is clearly insufficient to allow separate analysis of cell 
wall and cytoplasm in mature cells (Fig. 9.4, see Section 9.3.5). 
When analysis of the element of interest (e.g. Fe, Mn or 
Cu) requires higher accelerating voltages (e.g. 20 kV), spatial 
resolution for the lighter elements deteriorates substantially (e.g. 
a minimum of 5-6 um; Oates and Potts, 1985). 
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a. Frozen hydrated b. Freeze-dried 
(1) (3) (4) (2) 


Fig. 9.4. Diagrammatic representations of frozen-hydrated (a) and freeze-dried cells (b) 
illustrating the likely degree of penetration of the electron beam when focused on the 
cytoplasm of an FH cell (1) or a FD cell (2), in the vacuole of an FH cell (3), or in the 
vacuolar space of an FD cell (4). 


(3) Freeze-drying has a dramatic effect on electron beam penetration 
(Fig. 9.4) which may be increased tenfold (e.g. from 3 um to 
30 um) if the density of the specimen material is reduced by 
90% (the average weight proportion of water in plant tissue). 
This is of minor consequence when FD sections of animal tissue 
with a relatively homogeneous water content (e.g. muscle tissue) 
are analysed (Zierold, 1988), but in plant tissue, the distribution 
of water is far less homogeneous (e.g. 50% in cell walls, 70% in 
cytoplasm and 95% in vacuoles). Although, apart from the effect 
of tissue shrinkage, there will be little difference between the X- 
ray interactive volumes of FH and FD thin sections, and thus 
little difference in spatial resolution, the effects of different 
densities of cellular components must be taken into account 
when quantitation of X-ray data is required. This problem 
assumes another dimension in bulk samples. In frozen-dried 
samples electrons will pass through empty spaces, largely 
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vacuolar, without scattering until entering the solid phase, 
consisting of cell walls, protoplasmic remains and salts which 
have been swept aside by the growth of ice crystals in the 
matrix-free regions of the plant cells. Thus freeze-drying or 
etching will cause a large and undefined increase in the X-ray 
interactive volume, so that the resolution cannot be determined 
(Fig. 9.4). The essence of this problem was clearly expressed by 
Echlin and Taylor (1986): ‘But, there is nothing we can do to 
preserve the structural integrity of the contents of a frozen dried 
vacuole. The water, which makes up ca. 90% of the contents of 
the mature plant cell, has been removed and the remaining solid 
phase such as salts, organic molecules and macromolecules fall 
(sic) to the lower side of the vacuole as viewed from the image 
of the surface.’ Thus, any freeze-drying or etching of bulk 
samples removes all possibility of defining spatial resolution or 
of quantitation. 

Spatial resolution may deteriorate, especially with X-ray micro- 
analysis of bulk samples in the SEM mode, when the microscope 
stage needs to be tilted to optimize X-ray counts. Thus it is 
important to select SEM equipment with suitable geometry which 
allows an X-ray detector take-off angle of at least 40° with respect 
to the specimen surface. 

Finally, it should be noted that the spatial resolution of X-ray 
microanalysis cannot go beyond the inhomogeneities caused 
by ice crystal damage. This limiting factor is less important 
when analysing bulk samples, where resolution is not high, 
but becomes very significant when analysing FH or FD thin 
sections. This is the main reason why analysis of thin frozen 
sections in animal tissue is confined to superficial layers not 
more than 30 um from the surface of the tissue (Zierold, 1988). 
This limits high-resolution analysis of plant tissue to the first 
one or two cell layers of any plant organ (e.g. epidermis and 
hypodermis of a root). Thus improved cryofixation remains an 
important challenge for the future. For example, the specimen 
depth frozen without visible ice crystal damage can be 
increased to ca. 05 mm by high-pressure freezing (Müller and 
Moor, 1984; and see Chapter 7), but there is little published 
evidence on the application of this technique for microanalysis. 
However, any improvements in cryofixation must take into 
account the often serious limitations to resolution due to beam 
damage. 
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9.3.2. Optimum Accelerating Voltage (kV) 


With respect to the optimum accelerating voltage, the requirements 
of scanning and transmission electron microscopy differ. In the 
transmission mode a higher voltage is generally required to produce 
from the thin section sufficient inelastically scattered electrons for 
image formation. In the SEM mode, on the other hand, it is necessary 
to operate with relatively low beam energies to avoid charging and 
excessive backscatter of electrons. For microanalysis, however, to 
achieve optimal X-ray yield, the incoming energy of electrons should 
be at least 2-2:'5 x the energy required for the generation of specific 
X-rays (Hall, 1971), which depends on atomic number (z). Thus for 
elements with a z value of up to 20 (Ca), an accelerating voltage of 
12-15 kV is generally sufficient. A higher voltage tends to increase the 
X-ray fluorescence (Bremsstrahlung) and, more importantly, increases 
the interactive volume because of the greater depth of penetration of 
the primary electrons (Oates and Potts, 1985). The latter is a distinct 
disadvantage in the analysis of bulk specimens, because of the 
inevitable decrease in spatial resolution (see Section 9.3.1). When 
heavy metals such as Cu and Zn (z = 29 and 30 respectively) are to 
be analysed, the accelerating voltage should be in the range of 20-25 kV. 
At this voltage, electron penetration is of the order of 6-10 pm in a 
frozen-hydrated (FH) bulk sample (Oates and Potts, 1985). At the 
cellular level this still allows sufficient spatial resolution for the analysis 
of vacuolar contents, but analysis of the contents of individual organelles 
such as chloroplasts is precluded. This situation is exacerbated in 
freeze-dried (or etched) specimens in which the electron penetration 
is many times greater than in FH material (Fig. 9.4) (Echlin and Taylor, 
1986). 


9.3.3. Beam Damage 


The extent of beam damage depends on the amount of electron beam 
energy deposited in the specimen (Dubochet et al., 1988). In the 
analysis of ultrathin (100 nm) sections, where it is necessary to apply 
high electron beam exposures to record adequate X-ray spectra, it can 
be a severe problem. Fortunately, cooling of the stage and specimen 
to liquid nitrogen temperature (about — 196°C), which is essential for 
most modern X-ray microanalysis, reduces mass-loss sensitivity by 
factors of up to 100 (Egerton, 1980). Nevertheless, if 20 nC is assumed 
to be a minimum dose for obtaining quantitative results from energy- 
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dispersive X-ray analysis, and a tolerable dose at —196°C should not 
be more than 20nC pm? (125kenm~?; Hall, 1986), then beam 
damage will be expected when the analysed area is less than 1 pm’. 
Hall and Gupta (1984), however, analysed fields of about 1 wm? in 
1 pm thick frozen-hydrated sections without apparent loss of mass 
(as monitored by image control and by count-rate of the X-ray 
continuum). But these authors warned that analysis time, and size 
and shape of the analysed volume could be crucial, and that prospects 
for resolution finer than 0-1 um were poor, especially in ultrathin 
sections. This was confirmed by Zierold (1988), who found that 
ultrathin (about 100 nm thick) FH sections were particularly sensitive 
to radiation damage, rendering reproducible X-ray microanalysis 
impossible, while analysis of a 2 um? area of 1 um thick sections 
only involved the loss of ca. 110 nm (at 1 nA for 100 s), representing 
11% of the total mass of the section. In our experience with FH bulk 
samples, sufficiently high count rates (about 2000 s`!) are obtained 
with beam currents of about 0-1-0-3 nA. Hence mass loss due to 
beam damage is generally not a problem, even with uncoated 
fracture faces, especially when a spatial resolution of better than 
1 pm? cannot be expected in analysis of a bulk sample. 

Forms of beam damage other than mass loss are dealt with by 
Dubochet et al. (1988). These include contamination due to accumulation 
of calcinated carbonaceous molecules into the irradiated area, which 
is negligible when a cryostage is used. ‘Bubbling’ which may be 
observed in biological specimens after an irradiation of 2-10 ke nm~? 
is not suppressed at low temperature. ‘Drift’ (beam-induced 
displacements), which is generally not considered as a form of beam 
damage, can nevertheless be a disturbing factor especially when X- 
ray mapping or X-ray imaging is involved. 


9.3.4. Analysis of Mineral-Containing Deposits 


Mineralized deposits in quench-frozen bulk samples have matrix 
properties which are greatly different from the surrounding tissue and 
the effects of this difference, which are important if quantitative 
analysis is attempted, are often neglected. Due to the comparatively 
high density of the mineral components of the deposits, the generation 
of characteristic X-rays is generally very intense and the X-ray 
fluorescence is low because of the relatively low water (ice) content of 
the deposits (Fig. 9.2b). This may result in particularly high P/B values, 
greater than those produced by quench-frozen carbon slurry standards 
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(see Section 9.3.5.1). In such cases, for quantification of X-ray data it 
may be necessary to look for alternative mineral-like standards (Van 
Steveninck et al., 1987b). 

One problem with the use of frozen fractured bulk samples is the 
poor definition of structural detail in the SEM, so that locating the 
mineralized deposits is practically impossible unless the structures 
have a characteristic shape at the fracture face. For example, the needle- 
like Ca oxalate crystals in raphide cells of Lemna minor are easily 
recognized (Van Steveninck et al., 1990a), whereas the large rhomboidal 
Ca oxalate crystals in petioles of lemon can only be located by means 
of X-ray maps (Iwahori and Van Steveninck, 1989). However, such 
structures become readily visible following a relatively deep etching 
of the fracture face, e.g. silica aggregates on the inner tangential 
endodermal walls of Sorghum roots (Hodson and Sangster, 1989a), or 
the phytate globules in parenchyma cells of Lemna leaves (Van 
Steveninck et al., 1990a,b). As has been stated before (Section 9.2.3.3), 
etching removes different amounts of water from different structures, 
especially when deposits containing little water are present, thus 
invalidating any comparison with graphite slurry standards, and ruling 
out quantitation of data. However, after etching, a semiquantitative 
approach to determine elemental ratios within mineral deposits may 
be useful. Net counts for each element are first adjusted for differences 
in efficiency of the X-ray detector system at the different energy levels. 
This is achieved by determining relative efficiencies using mineral 
standards which mimic the biomineralized deposits (Van Steveninck 
et al., 1987b, 1990b), but is applicable only when the geometry of 
samples is simple and constant, and when samples have equal density 
(electron penetration). The requirement for a constant geometry poses 
problems especially after etching, which inherently produces an uneven 
topography. 

Hence any approach to quantitation in the analysis of mineral 
deposits much be based on the preparation of thin sections obtained 
either after freeze-substitution of bulk frozen samples (Van Steveninck 
et al., 1987b, 1990b; Hodson and Sangster, 1989b) or the freeze-drying 
of thin cryosections, which as yet, has not produced high resolution 
data (Campbell et al., 1981; Satter et al., 1982). Using freeze-substituted 
thin sections, it was possible to determine the elemental ratios of K, 
Mg, Zn and P in globular deposits of phytic acid in root cortical cells 
of Deschampsia with a high degree of accuracy. Spectra obtained from 
standards of phytate with known proportions of the component 
elements were compared with spectra obtained from thin sections of 
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epoxy-embedded, quench-frozen, freeze-substituted root segments 
(Van Steveninck et al., 1987b). 


9.3.5. Quantitation of Data Obtained from FH Bulk Specimens 


Instead of simply using net peak intensities, quantitation is achieved 
by obtaining ratios of peak counts for the particular element to local 
background counts (P/B), and these ratios are proportional to the mass 
fraction of the element (Boekestein et al., 1984). Using this method, 
compensation is automatically made for variability in take-off angle 
due to imperfections in the surface topography of the fracture face, 
because X-rays of the same energy, whether generated as X-ray 
fluorescence (Bremsstrahlung) or as element specific peaks, will be 
affected by unfavourable take-off angles in identical fashion. Similarly, 
the method corrects for beam current fluctuations, which are often 
unavoidable due to filament changes or other alterations which may 
be required to obtain maximum efficiency from the pulse height 
analyser (PHA) at different take-off angles. 


9.3.5.1. Standards 


The ultimate aim is to convert the primary X-ray data which are 
influenced by many variables (accelerating voltage, beam current, take- 
off angle and the physical properties of the specimen material, etc.) into 
a close estimate of the (local) element concentration (mmol kg~? dry or 
wet weight, or mol m~°, etc). This can only be achieved by the use of 
appropriate standards, and the known physical and chemical properties 
of the standard should resemble the biological specimen as closely as 
possible. Because of the inherent heterogeneity of living tissue, this is 
difficult to achieve, if not impossible, unless a standard matrix can be 
produced which compares satisfactorily with biological tissue in all 
respects. Ideally the mass fraction of the matrix should be similar to that 
of elements such as C, H, O, N, S, P (the principal constituents of organic 
material) to ensure similar intensities of X-ray fluorescence over the 
energy range where the X-ray peaks of most of the elements of interest 
occur (1-5 keV) (Fig. 9.2f). Naturally, since S and P are present in cells, 
they cannot be included as a general constituent of the standard. Most 
plant cell material consists of 80-90% water and C is much more abundant 
than N. Aqueous standard solutions in the frozen state are unsatisfactory 
because of inhomogeneity in the distribution of diffusible ions resulting 
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0.2 0.4 0.6 0.8 1.0 
Concentration (M) 


Fig. 9.5. Relationships between P/B values and concentration of Mn, S and Si in graphite 
slurry standards. The equations based on selected ROI boundaries are: 

Mn (ROI = 5-72 - 6-16 keV): P/B = 2:699 x C (mol litre~!) — 0:0327 (R? = 0-93). 

S (ROI = 2:12 — 2-60 keV): P/B = 1:569 x C (mol litre?) + 0-0470 (R? = 0-98). 

Si (ROI = 1:60 - 192 keV): P/B = 1-173 x C (mol litre~!) + 0:0167 (R? = 0-92). 

Vertical lines represent standard errors of means of 10 values. 


from ice crystal formation. Even with the addition of cryoprotectants, 
results have not always been satisfactory. However, Whitecross et al. 
(1982) reported that the inclusion of colloidal graphite (PELCO 1603- 
15) of high X-ray spectral purity resulted in the homogeneous 
distribution of added electrolytes after freezing, because of uniform 
nucleation of macro-crystalline ice by the graphite, and because of 
improved thermal conductivity. 

Whitecross et al. (1982) purified the graphite by means of drying, 
washing in distilled water, redrying and pulverizing, a procedure 
which we have followed (Treeby et al., 1987), but later found to 
be unnecessary (Edwards and Van Steveninck, 1987). Initially, the 
polynomial regression equations relating concentration to peak over 
local background ratios (P/B values) allowed greater precision and 
detection sensitivity at the lower end of the concentration range than 
linear regression equations (Treeby et al., 1987). But the choice of 
boundaries for the regions of interest (ROI) of each element largely 
determines the degree of linearity of the regression equation over a 
particular concentration range (Fig. 9.5) (Edwards and Van Steveninck, 
1987). Hence the regression equation should be determined over a 
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concentration range which is relevant to the range of the analytical 
data (P/B values) obtained from the plant material, e.g. 10-200m™ or 
50-1000mm, but not the full range 10-1000mm, because 1000mm 
requires wide boundaries for the ROI of the peak which often leads 
to negative values for P/B when peaks are small (10 mm) (Fig. 9.6a—h). 
Thus when the primary aim is to measure low concentrations close to 
the limit of detection, it is necessary to choose ROI values which 
enclose narrow peaks (Fig. 9.6b, f). Figure 9.5 illustrates a situation 
where concentrations of Mn and Si were generally high and hence 
regression equations were based on wide ROI values with a consequent 
loss of accuracy at the lower end of the scale (<0-1M) (Edwards and 
Van Steveninck, 1987). Figure 9.2f shows the importance of having an 
X-ray fluorescence pattern of the standard which matches that of the 
sample. If this coincidence does not occur, P/B values will be affected. 
Fortunately, this condition is easily satisfied as the percentage graphite 
present (2, 9:5, 17%), has relatively little influence on the overall 
fluorescence pattern, because this is determined by the water content 
(98, 90-5, and 83% respectively) (Edwards and Van Steveninck, 1987). 
Thus standards prepared with a carbon slurry content of, say, 10% 
will compare satisfactorily with most plant cell X-ray fluorescence 
patterns (i.e. both vacuoles, with a low carbon content, and cell walls, 
with a relatively high carbon content), but at least 2% carbon should 
be present to ensure a homogeneous distribution of electrolytes in the 
standard after freezing (Whitecross et al., 1982). 


9.3.5.2. Vacuoles and Other Cell Compartments 


The large vacuoles of plant cells generally lack a matrix to assist in 
keeping solutes in place during freezing. Quench-freezing followed 
by freeze-substitution may provide tolerable structural preservation in 
cytoplasmic layers close to the surface of the tissue or cells, while 
vacuoles of the same cell show evidence of the formation of relatively 
large ice crystals (Van Steveninck et al., 1976b). Recently, data 
suggesting a relatively even distribution of K* in vacuoles were 
obtained from 4 jum? rasters of FH differentiating, late-maturing xylem 
elements (LMX) with an approximate diameter of 100 jm (Table 9.3) 
(McCully et al., 1987). This result was confirmed when the LMX were 
perfused with 200mm KCI before quench-freezing of the roots (McCully 
et al., 1987). Similar results were later obtained from LMX vessels in 
barley roots having an average diameter of 60 ym and situated centrally 
in the root where artifacts due to freezing damage would be expected 
to be at a maximum (Huang and Van Steveninck, 1988). 
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Fig. 9.6. The importance of choosing correct ROI boundaries which are compatible with 
the relatively high and low concentrations of P and S present in a particular frozen 
hydrated sample of Lemna minor in which Cd occurs either as a Cd-P complex (a-d) or 
as a Cd-S complex (e-h). In order to determine the relative concentrations of Cd, S and 
P correctly for all spectra obtained from this sample, it is necessary to choose a narrow 
ROI for S (b: 2:18-2:46 keV) when the concentration of S is low (a-d) in order to avoid 
a negative P/B value (a). The high concentration of P (a-d) requires a wide ROI 
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Fig. 9.6. Continued 

(c: 1:82-2:18 keV), because a narrow ROI (d: 1:88-2:13 keV) will result in the loss of 1/3 
of the net counts. When the concentration of P is low (e-h) it is necessary to choose a 
narrow ROI for P (f: 1:88-2-13 keV) in order to avoid a negative P/B value (e). The high 
concentration of S (e-h) requires a wide ROI (g: 2:12-2:52 keV) in order to avoid a loss 
of net counts (h). (Full width of spectra 0-5-12 keV; vertical full scale 4096 counts per 
channel.) 
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Table 9.3 Variation in estimated K* content at 10 selected points 
across a single vacuole of an LMX element 15 cm from the tip 
of a soil-grown maize root (scan area 4 wm’, xX 5000). Spectrum 
38 is an integrated scan of the same vacuole (scan area 10 pm?, 
x 3500). Reproduced from McCully et al. (1987) with permission. 


Spectrum [K+] (mm) Surface 
no. character 
28 230 Smooth 
29 158 Edge 
30 267 Smooth 
31 164 Crack 
32 243 Cavity 
33 179 Smooth 
34 192 Crack 
35 232 Smooth 
36 215 Smooth 
37 274 Hump 


x (Nos 28-37) = 215 (ø = 41, SEM = 13) 
x, (No. 38) = 225 


Thus the method is ideal for the measurement of concentrations of 
mobile ions in vacuoles of most types of mature plant cell. However, 
in fully differentiated plant cells, cytoplasmic layers are generally less 
than 1pm thick. Although it is possible to analyse the contents of 
chloroplasts (3-5 pm) and neighbouring clumps of cytoplasm (Van 
Steveninck ef al., 1988), or to measure cytoplasmic contents in cells of 
meristematic tissue (Huang and Van Steveninck, 1988, 1989a), the 
spatial resolution of the bulk method is generally insufficient to 
measure concentrations of mobile elements in the cytoplasmic layer 
because of the close proximity of vacuoles and cell walls. Sometimes 
special situations can be created, e.g. by centrifugation of tissue or 
cell suspensions (Binzel et al., 1988) causing the cytoplasm to accumulate 
at one side of the cell. It has also been possible to deduce relative 
distributions of K+, Na* and Cl” in uniform tissues (Wiencke et al., 
1983) and cells (Binzel et al., 1988) using additional morphometric 
information regarding relative volumes of cell wall, cytoplasm and 
vacuolar spaces. But studies of ion compartmentation of this kind, 
because of their indirect nature, are basically unsatisfactory, especially 
when a component with a vastly different ion concentration from the 
rest of the tissue, has a small volume (e.g. the cytoplasm), and therefore 
makes only a small contribution to the measured overall concentrations. 
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9.3.6. Analysis of Freeze-Substituted Thin Sections 


Optimal spatial resolution can only be obtained by methods based on 
thin sections obtained after freeze-substitution of quench-frozen tissue, 
or by direct cryosectioning. With favourable specimen material (animal 
tissues), it is generally assumed that, using freeze-substituted thin 
sections, substantial ion redistribution artifacts cannot be ruled out 
even if a considerable amount of mobile ions can be detected in 
membrane-enclosed cells or subcellular compartments (Edelmann, 
1989). Hence, the only way to show that FS and embedding of biological 
material can be carried out without causing ion redistribution, is to 
demonstrate that the ions are localized at identical sites in rapidly 
frozen and in freeze-substituted and embedded preparations 
(Edelmann, 1989). 

However, quantitative data have been obtained by this method 
which at least seem to indicate distinct differences in mobile ion 
contents of vacuole, cytoplasm and cell wall and therefore the 
maintenance of concentration gradients across the tonoplast and 
plasmalemma membranes (Hajibagheri and Flowers, 1989). In this 
recent short communication a remarkable improvement in resolution 
and consistency of results has been achieved, compared to earlier 
published data (Hajibagheri et al., 1987, 1988), and in spite of the 
fact that cell walls and cytoplasmic layers were of the order of 0:12 
and 0:25 wm thick, respectively. The authors ascribe the enhanced 
resolution, by at least 10- to 20-fold, to the use of a new generation 
of analytical microscopes (JEOL JEM 2000FX) with a minimum 
selectable probe diameter of 20 nm. This degree of resolution can 
only be achieved when the dimension of ice crystal damage is 
smaller than the probe area (Roos, 1989). The wide-ranging analytical 
results, with high standard deviations, reported previously (Harvey 
et al., 1981, 1984; Hajibagheri et al., 1987, 1988) seemed to indicate 
artifacts which could have resulted from the consistent use of acetone 
rather than diethyl ether as a substitution solvent by the above 
authors (Harvey ef al., 1976). However, the latest results achieved 
by Hajibagheri and Flowers (1989) and Clipson et al. (1990) call 
for optimism. One advantage of freeze-substituted material is its 
permanency so that previous analyses can be repeated when improved 
instrumentation becomes available. 
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9.3.6.1. Standards 


The general approach is to use standards which resemble the specimen 
in composition and provide a concentration range of the particular 
element which is relevant to actual elemental concentrations in the 
specimen. Thus for the analysis of freeze-substituted sections a stable 
substance containing the element in question should be homogeneously 
distributed within the epoxy resin used for specimen preparation. 
Because mineral salts cannot be dissolved homogeneously in epoxy 
resins, the element of interest is incorporated into an organic or 
organometallic compound, which is readily soluble in the epoxy resin. 
Crown ether complexes appeared to be satisfactory for the cations Na* 
and K* (Harvey et al., 1980), but Condron and Marshall (1986) have 
shown that severe inhomogeneities may occur, possibly through 
sedimentation of the ether complex, and this may explain the non- 
linear P/B versus concentration relationships observed by Harvey et 
al. (1984), Other organometallic and organometalloid compounds used 
are pentadieny! derivatives for Mg and Fe, and dithiocarbamates for 
heavy metals such as Cu, Zn, Cd, Hg, Pb, Bi, etc. (Roomans and Van 
Gaal, 1977). The choice for fully miscible anion complexes is somewhat 
limited e.g. 1, 2, 4-trichlorobenzene was recommended as a Cl standard 
by Harvey et al. (1980), but it appears that this compound may be 
unstable. Roomans (1979) used dichlorophenoxy acetic acid for Cl, 
bromophenols for Br and iodobenzoic acid for I, dithiocarbamates for 
S (Roomans and Van Gaal, 1977), triphenyl phosphine and analogues 
for P, As and Sb (Roomans and Van Gaal, 1977), while Weakley et al. 
(1980) have used tri-toluyl phosphate as a P standard. The most up- 
to-date review on the application of standards for X-ray microanalysis 
is by Warley (1990). 


9.3.7. Analysis of Frozen-Hydrated (FH) and Freeze-Dried (FD) 
Thin Sections 


Even if it is possible to prepare FH thin sections of relatively favourable 
plant material with high cytoplasmic content (meristems, salt glands, 
etc.), direct analysis of these sections is still subject to severe limitations 
because of difficulties in imaging due to poor contrast and high beam 
sensitivity (Dubochet et al., 1988). The electron dose needed to obtain 
adequate counting rates for X-ray microanalysis is likely to destroy 
the specimen during analysis (see Section 9.3.3). For these reasons 
analysis is generally carried out on frozen-dried sections which can 
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be obtained by ‘internal’ freeze-drying, i.e. inside the microscope 
column (Roos, 1989). This process is akin to the ‘etching’ of FH bulk 
samples except that all frozen water is removed from FD sections. As 
with etching of bulk samples, imaging improves so that ultrastructural 
detail can be observed with much greater ease (Zierold, 1988), and P/B 
values increase, especially of biological elements. Thus freeze-dried 
cryosections are often considered to be the best preparations for 
quantitative analysis of subcellular compartments, with the exception 
of matrix-free regions (Roos, 1989). 


9.3.7.1. Standards 


Generally, cryosectioned standards are used in order to mimic the 
properties of the biological material as closely as possible. For animal 
tissue this usually consists of a protein solution (gelatin, albumen) 
which is mixed with a salt solution so that a known protein/salt ratio 
is obtained, and frozen for sectioning in the same way as the specimen 
(Roomans and Seveus, 1977; Kendall ef al., 1985; Warley, 1990). 
Homogeneous standards containing various combinations of elements 
over a wide range of concentrations can be produced provided ice 
crystal formation is minimized, usually by adding cryoprotectants (e.g. 
glycerol). Care should be taken to avoid the presence of contaminating 
salts in the protein matrix (Hagler et al., 1983) and the possibility that 
metals (e.g. Pt and Cd) may form precipitates when added to protein 
solutions (Warley, 1990). 

An interesting alternative is the ‘aminoplastic’ standards introduced 
by Roos and Barnard (1984). These are obtained by the polymerization 
of urea by glutaraldehyde (Pease and Peterson, 1972) in the presence 
of a salt solution. These aminoplastic standards are homogeneous and 
comparable to cryosectioned standards because the polymerized urea 
appears equivalent to an aqueous organic matrix (Roos and Morgan, 
1985). They also have the advantage that they can be cut at room 
temperature, but using a dry knife. 

No doubt other methods and preparations are feasible and will be 
developed in the near future. However, microanalysis of FH and FD 
thin sections of plant tissue is still a rare practice. 


9.3.8. Microanalytical Determination of Water Content in 
Biological Tissue 


In any quantitative procedure based on thin sections, results are 
related to the dry or wet state of the specimen during analysis. For 
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this reason, in any interpretation of quantitative results obtained from 
FH thin sections and FD thin sections, knowledge of the local water 
content of tissue components is essential. For instance, this would 
allow the conversion of data obtained from FD sections to concentrations 
based on wet weight or on cell water, which is physiologically more 
relevant, especially in the case of mobile ions such as Na‘, K* and 
Cl-. In fact, the distribution of water itself at the cellular or subcellular 
level would provide important information about physiological con- 
ditions, especially in plant tissues, e.g. in the case of dormancy, seed 
development, water stress, etc. Unfortunately, to date there is a lack 
of published records on microanalysis of thin frozen sections of plant 
tissue, and therefore the microanalytical determination of water content 
is beyond the scope of this chapter. However, because of the potential 
importance of this topic, the reader is referred to an excellent review 
by Roomans (1988). Brief mention should also be made of recent 
developments in which computerized X-ray imaging provides precise 
quantitative measurement of elemental concentrations expressed on 
both a wet and a dry weight basis, and hence also of the water content 
of each pixel (Saubermann, 1989, and for further detail see Saubermann 
and Heyman, 1987). 


9.3.9. X-Ray Mapping and X-Ray Imaging 


Each analysis of a specific region using either static probes or scans 
over a small area (e.g. 1 um X 1 ym), provides an individual result 
and therefore only a limited appraisal of the overall distribution of an 
element in a cell or tissue. When the latter is required, especially 
when studying dynamic physiological events which involve a rapid 
redistribution of mobile elements in tissues (e.g. pulvini, Campbell et 
al., 1981; Satter et al., 1982), it would be a great advantage to assess 
the distribution of each particular element involved by means of X- 
ray mapping. The facility, which is available with most standard X- 
ray analytical equipment, provides a dot-matrix which depicts the 
distribution of the element by the density of the dots in a semi- 
quantitative fashion, provided the peak values of the particular element 
in question are sufficiently high to allow an effective background 
subtract. Generally, this can be readily achieved for bio-mineral 
deposits such as Si or Mn in cell walls (Fig. 9.7) or polyphosphate or 
phytate (Van Steveninck et al., 1987a, 1990b). 

With the rapidly increasing availability of more sophisticated image 
analysis systems, the overall perception of elemental distribution can 
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Fig. 9.7. X-Ray maps showing the distribution of deposits containing Si (a) and Mn 
(b) in walls of leaf hairs of Helianthus annuus. Bars represent 10 pm. Courtesy of L.B. 
Edwards. 


be based on a relatively high-precision, quantitative digital X-ray 
image consisting of 64 x 64, 128 x128, or 256 x 256 pixels (Saubermann 
and Heyman, 1987). However, direct X-ray imaging of FH tissue 
presents a number of serious problems which include the usual low 
P/B values for biological elements, the indistinguishable morphology 
due to lack of contrast of the SEM image, and the probability of beam 
damage and water loss at probe currents necessary to permit statistically 
acceptable X-ray generation rates (Saubermann, 1989). To this list must 
be added the practically insurmountable problem of uneven topography 
of the fracture faces of FH bulk samples which would render 
quantitative X-ray mapping useless because of the variation in 
efficiency of X-ray detection. Hence, direct X-ray imaging can only be 
effectively used on freeze-dried thin sections (Ingram et al., 1989), and 
even with a dwell time of 2 second-counts per pixel, many hours are 
involved in providing a 128 x128 pixel image. However, as long as 
the specimen material is favourable (i.e. no lack of matrix such as in 
vacuolated plant cells), quantitative X-ray imaging offers promise for 
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the future in providing quantitative measurement of elemental content 
(related to both wet and dry weight) as well as the water content of 
each pixel. The latter can be achieved by using FH thin sections to 
determine the continuum generation rate for the hydrated state from 
an area to be mapped subsequently, after the section is dried 
(Saubermann and Heyman, 1987; Saubermann, 1989). 


9.4. LIMITATIONS AND FUTURE DEVELOPMENTS 


High-resolution, fully quantitative, X-ray microanalysis is a realistic 
approach for the study of the distribution of the physiologically 
relevant ions (Na, Mg, P, S, K, Cl, Ca) in most animal tissues (Ingram 
et al., 1989). With plant tissues we are a long way removed from this 
goal. The required FH thin sections are difficult to produce because 
of inherent problems, including suitable cryopreservation of internal 
cell layers, the large internal regions which do not contain a matrix, 
and large differences in density of cell components (cell walls, cytoplasm 
and vacuoles). FD thin sections are even less reliable because of 
inevitable redistributions caused by deposition of soluble elements 
(electrolytes) on the bounding surfaces of matrix-free spaces (Hall and 
Gupta, 1982; Echlin and Taylor, 1986). Similar artifacts due to ice 
crystals might be expected to occur in matrix-free spaces of freeze- 
substituted material (Roos, 1989), but some recently published results 
may provide some degree of optimism. At present it seems that the 
only reasonably reliable quantitative results can be obtained by means 
of SEM-based analysis of fully hydrated fracture faces of bulk frozen 
samples (McCully et al., 1987), using a low kV and low beam currents 
in order to maximize resolution and minimize charging, beam damage 
and attendant problems, respectively. Nevertheless, analytical spatial 
resolution is relatively poor compared with thin section methods and 
generally does not allow a distinction between cytoplasm and cell wall. 
However, resolution in most internal regions of plant tissues will be 
limited by ice crystal damage (see Chapter 7), because the crystal 
dimensions will be larger than the spatial resolution of the analysis 
(Roos, 1989). 

Another point which must be kept in mind, is the possibility of ion 
shifts immediately prior to and during cryofixation (Zierold et al., 
1989). The mean diffusion length (/ = V(2Dt)) of mobile ions (D is 
approximately 2 x 107°? m?s~! for Kt, Na* and Cl~) which is V2 um 
within 1 ms, shows that even with the most rapid cryofixation, 
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localization of ion gradients with a spatial resolution of less than 1 ym 
is likely to be unreliable (Zierold et al., 1989). This problem, of course, 
is less likely to occur in matrix areas where ion mobility is 
reduced by chemical or electrostatic interaction with macromolecules. 
Nevertheless, it is important to realize the changes which may take 
place immediately prior to cryofixation by the excision of small pieces 
of tissue and the exposure of such tissue to a hostile environment (e.g. 
low relative humidity, Hall and Gupta, 1982). The hazards due to the 
stresses of dissection are different for each tissue type (e.g. primary 
roots are especially vulnerable to the effect of water stress), and may 
cause rapid electrolyte changes in cells and other compartments (Hall 
and Gupta, 1982). Naturally, the induction of this type of artifact must 
be avoided as far as possible. 

Another problem is the choice of a representative sample. Too often, 
results are based on 1 or 2 favourable preparations obtained from a 
single plant, without realization of the minuteness of the sample. Plant 
physiologists are generally well aware of the diversity of responses 
and the need for replication when whole plants are involved, and the 
same considerations should apply to microanalytical data. 

In order to avoid disappointment, the newcomer must perceive and 
accept the limitations of microanalytical methods. This means that the 
analytical aims must be contained within the boundaries of what is 
currently possible, which often means the selection of favourable types 
of material and, indeed, a favourable topic which can be solved by 
present analytical methods. For example, the location and composition 
of toxic accumulations of heavy metals in plant cells is a fertile field 
of endeavour, as is the study of other bio-mineral deposits (e.g. Si; 
see Hodson and Sangster, 1988, 1989a, b; Hall, 1989). 

Thus, at present a reliable means of specimen preparation is the 
main limitation to microanalysis. Analysis of frozen bulk specimens 
can provide excellent preliminary results at low resolution, and either 
cryosectioning or freeze-substitution are essential to provide specimen 
material which can be analysed with a high degree of resolution. It is 
difficult to predict which of the cryo-methods will ultimately provide 
the most favourable results. However, one should keep in mind 
that no firm conclusion can be reached without comparing several 
contributing types of microanalytical approach. 
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Abscisic acid, 187 
Abutilon nectary hairs, 282-284, 296 
Accelerating voltage, for microanalysis, 
434 
Acidic group, staining, 39 
Acrolein, 10, 11, 117, 321 
Actin microfilaments, 214 
Acyl transferase, 110, 156, 157 
Adenosine triphosphatase, see ATPase 
Adenylate cyclase, 160, 169 
Affinity methods, 48, see also lectins, 
enzymes, antibodies 
Air-drying, for scanning electron 
microscopy, 327 
Alcian blue, 323 
Alcohol dehydrogenase, 165 
Aleurone layers, 134 
Allium cepa 
root cells, 338, 339 
root tips, 162 
Amino peptidase, 143 
Aminotransferases, 157, 158 
Amyloplasts, 74 
Anagallis arvensis, meristem replicas, 341 
Anigozanthos flavidus, 319 
Antibodies, 182, 186 
anti-idiotypic, 204, 205 
biotinylated, 195, 198, 224, 240 
monoclonal, 184, 185, 193 
polyclonal, 183, 192, 195, 204, 205 
primary, 191, 200, 207, 211 
production and screening of, 183 
secondary, 185, 191, 200, 207, 211 


Antirrhinum majus, inflorescence epoxy 
replica, 343 
Araldite, see resins 
Arcton, 268 
Area fractions, 90 
Aryl sulphatase, 137, 163 
Ascodesmis sphaerospora, ascogonial coils, 
369, 370 
Aspartate aminotransferase, 118, 157, 158 
Aspergillus niger 
conidiophore, 371, 372 
peritheciai neck, 371, 372 
ATPase, 117-119, 127, 133-135, 162, 419 
cerium trapping, 135, 162 
plasma membrane, 117, 135 
Autoradiography, for scanning electron 
microscopy, 395-397 
Avidin, 223 
-ferritin, 228 
-peroxidase, 228 
Azo dye techniques, 139, 140, 161 


Backscattered electrons, 383, 384 
Beam damage, 434, 435 
mass loss, 435 
during low temperature SEM, 379 
thinning, 76 
Beam/specimen, interactive volume, 425 
Biotin, 220, 222-224 
Brassica oleracea, leaf surface, 373 
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Buffers, preparation of, 60, 61 
Butyl benzene, 292 


Callose, 8, 41 
Cannabis sativa, 318 
Capsicum frutescens, 324 
Capture reaction, simultaneous, 107 
Carbohydrates, 182, see also 
Polysaccharides 
Carbonic anhydrase, 158 
Carnitine acetyl transferase, 157 
Carveol dehydrogenase, 165 
Catalase, 109, 146-151, 153, 166 
inhibitor of, 147 
Catananche caerulea, pollen, 333 
Cathodoluminescence, 383, 384, 386 
Cationized ferritin, 39, 41 
Cell volumes, 97 
Cell wall, 2, 4, 5, 6, 25, 33, 38, 40, 44, 
141, 260 
-polysaccharides, 40, 193 
Cell fractionation, 181, 198 
Cellobiohydrolase-gold, 56 
Cellulase, 141, 142, 164 
Cellulose, 56, 293 
microfibrils, 2, 30, 33, 46 
Cerium chloride, 167 
trapping, 111, 125, 132, 134-136, 156, 
419 
Chemical fixation, for scanning electron 
microscopy, 321-325 
Chlamydomonas reinhardtii, 233, 239 
Chloroplast, 2, 5, 25, 203, 204, 232, 237, 
333 
electron transport, 155, 156 
Chromatic aberration 68 
Chromic acid, 295 
Chromosomes, 228 
Chroomonas caudata, 235, 237 
Coating, of frozen-hydrated specimens, 
381, 425 
Coefficient of particle dispersion, 298 
Cold stage, for SEM, 351 
Cold block cooling, 272, 273 
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Colloidal graphite, 438 
Colloidal gold, 48, 50-60, 182, 184-186, 
192, 195, 224, 228, 232, 235, 394 
iron, 39, 41 
Commelina, 354 
Concanavalin A, 48, 57 
Confocal laser scanning microscope, 67, 
94 
Cooling rates, 356 
Copper-lead citrate, 82 
Correction factors, 96 
Corrosion casting, 342, 343 
Critical-point, 330 
drying, 77, 330, 331, 428 
Crown ether complexes, 444 
Cryoadhesive, 354, 360 
Cryofixation, 349, 448 
for SEM, 355-357, 376 
redistribution of water, 372-376 
thermodynamics, 259 
Cryopreparation systems 
dedicated, 350 
non-dedicated, 350 
Cryoprotectants, 260, 445 
penetrating, 262 
non-penetrating, 262 
sucrose, 205 
Cryoprotection, 260-265, 291, 292 
Cryosections 
freeze-dried, 417 
freeze-dried for microanalysis, 430 
frozen-hydrated, 417 
Cryosectioning, 205-210, 260, 449 
Cryostorage systems, 364 
Cryoultramicrotomy, 205-210, 259, 273 
Cucumis, 132, 138 
root tips, 163 
Cuticle, 4 
scanning electron microscopy of, 318 
Cytochemical controls, 121-123 
Cytochemistry, 16, 35-59 
for scanning electron microscopy, 393, 
394 
Cytochrome oxidase, 113, 151-153 
Cytokinin, 187 
Cytoplasmic maceration, for scanning 
electron microscopy, 333 
Cytoskeleton, 69, 77, 210, 212, 230 
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D 


Datura stramonium, callus, 368 
Deep-etching, 80-81, 274, 275 
-rotary shadowing, 280 
Dehydration, 7, 15 
for scanning electron microscopy, 325 
chemical, for scanning electron 
microscopy, 332 
solvent, for scanning electron 
microscopy, 331 
Dehydrogenase, 109, 110, 113, 143-145 
Depth of field, 67, 68 
freezing, 266 
Deschampsia, 436 
De-embedding, for scanning electron 
microscopy, 335 
Diaminobenzidine (DAB), 107, 108, 
146-150, 155, 156, 165, 166, 228, 394 
Diamond knife, 6, 24, 27 
Dictyosomes, see Golgi 
Digitalis purpurea, 224 
lanata, 224 
Digoxygenin, 221, 223, 235, 238 
-antibody to, 224 
Dimethoxy propane (DMP), 285, 286, 429 
Dimethyl sulphoxide, 264 
DNA, 16, 33 
probes, double stranded, 226 
ribosomal, 221 
sequence, 220 
viral, 222 
Dot blot, 244, 245 
Double immunolabelling, 195 
Drosera, 318 
Dry-cleaving, 77 


Electron beam 
depth of penetration, 425 
energy loss spectroscopy (EELS), 416 
penetration, 434 
Elemental ratios, 436 
Embedding, 7, 16-25 
Epon, Araldite, 17 
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flat moulds, 18 
gelatin and BEEM capsules, 17 
low temperature, 22, 231 
moulds and capsules, 17 
pre-, 230 
polyethylene glycol, 335 
post-, 230 
procedures, 16 
resins, low viscosity, 6 
Endomembrane system, 70 
Endoplasmic reticulum, 73, 132, 206 
Endosymbiosis, 239 
Enzyme cytochemistry, 74, 106-179 
principles, 110-124 
Enzyme-gold staining, 46-54 
Epicuticular waxes, 370 
Epoxy resin, see resins 
Escape times, 259 
Esterase, 110 
non-specific, 138, 139, 163 
Ethane, 270 
Eucentric point, 78 
Eucentric stage, 78 
Exclusion chromatography, 243 


Ferritin, 203 
Field-emission scanning electron 
microscope, 384, 399 
Fixation, chemical, 6, 7, see also 
individual fixatives 
double, 10, 12 
glutaraldehyde-osmium, 32 
in situ, 8 
microwave irradiation, 321 
osmium, 12 
scanning EM, 321-325 
vacuum infiltration, 344 
vapour, 321 
Fixation for enzyme cytochemistry, 
114-120 
buffers, 118 
cellular permeability, 119 
concentration of fixative, 116 
fixative pH, 118 
fixative purity, 118 
osmium tetroxide post-fixation, 124 
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temperature, 118 
time of fixation, 116 
types of fixative, 116, 117 
Fixation for SEM 
glutaraldehyde, 344-346 
ruthenium red-osmium, 325 
Formaldehyde, see paraformaldehyde 
Formamide, 225 
Formvar, 76 
Fracturing for low temperature SEM 
complementary, 353, 357-360 
longitudinal, 353 
paradermal, 353, 359 
Freeze-drying, 278-280, 432 
partial for low temperature SEM, 
360-363 
partial, specimen shrinkage, 379 
for scanning electron microscopy, 
327-329 
Freeze-etching, 291 
Freeze fracture, 80, 260, 262, 264, 332 
for SEM, 357-360 
replication, 290-300 
replica, maize root, 295 
Freeze slamming, 267 
Freeze substitution, 214, 269, 280-286, 
289, 325, 332, 417, 419 
in acetone, 280, 281 
in diethyl ether, 280 
in methanol, 280, 281 
for microanalysis, 419, 428—430 
for scanning electron microscopy, 329, 
330 
thin sections, 443 
Freezing methods, 266-278 
Freon, 268-270, 292 
Frozen-hydrated bulk specimens, 437-442 
sections, 435 
specimens, storage of for SEM, 363-366 
surface etching, 423 
transfer and fracture, 422 
Fungal hyphae, 71 


G 


Gel electrophoresis, 246 
Genome, viral, 238 
Gloeomonas, 132 
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Glucose-6-phosphatase, 132, 162 
Glucuronidase -B, 163 
Glutaraldehyde, 8, 11, 13, 114, 186, 187, 
231, 265, 282, 285, 321 
rate of penetration, 322 
Glutaraldehyde-osmium tetroxide 
fixation, 38 
Glycerol, 261-266, 277 
Glycerophosphatase -ß, 117, 127 
Glycolate oxidase, 109, 113 
Glycoproteins, 182, 183 
Glycosidase, 110, 140, 141 
Glyoxysome, 158, 159, 196, 198 
Gold colloids and particles, see colloidal 
gold 
Golgi, 38, 42, 73, 107, 206 
vesicles, 97 
Graphic/digitizer tablet, 90, 103 
Grids 
collodion coated, 33 
formvar coated, 29, 30, 33 
gold, 29, 190 
nickel, 190 


Hapten, 220 

Helianthus annus, leaf hairs, 447 

High pressure freezing, 267, 277, 356 

High voltage electron microscope, 68, 77 

Hinges, for freeze fracture, 360 

Horse-radish peroxidase, 228 

Hybridization, 220 

Hydroxyethyl starch, 262 

Hyoscyamus niger, stereo-pair, 388 

Hyperbaric freezing, 214, 260, 277, 278, 
356 


Ice crystal damage, 443, 448 
formation, 258 
artifacts, extracellular, 372, 373 
artifacts, intracellular, 373-375 
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Image analysis, 387 
freeze fracture, 297-300 
Image recording, digital for SEM, 
385-390 
Immunoblotting, 183 
Immunocytochemistry, 11, 108, 109, 
181-218, 231, 240 
fixation for, 186, 187 
for scanning electron microscopy, 394, 
395 
Immunocytochemical controls, 192 
Immunogold labelling, 181-218 
cleaved cells, 211-212 
double labelling, 225 
for light microscopy, 199-203 
pre-embedding, 203-205 
In situ hybridization, 219-255 
double labelling, 233, 249 
pre-embedding methods, 230, 231 
post-embedding methods, 231-238 
sensitivity of, 239, 240 
Indicative stains, see stains 
Inosine 5'-diphosphatase (IDPase), 135, 
136 
Interactive volume, 431 
Intermediate filaments, 210 
Intracellular spaces, 98 
Intramembrane particles (IMP), 261, 265, 
297-299 
frequency, 297, 298 
Ion compartmentation, 442 
distribution, 418 
precipitation, 417 
shifts, 448 
Isocitrate lyase, 198 


Jet-freezing, 276 
Juncus conglomeratus stereo-pair, 388 


Laser microprobe mass analyser 
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(LAMMA), 416 
Laticifers, of Convolvulus cneorum, 333 
of Calystegia silvatica, 333, 337 
Lead citrate, 32, 33, 69 
salts, 30, 32 
trapping, 125, 128, 133, 135 
Lectins, 48, 49, 51, 57, 58, 287 
Lectin-gold complex, 46, 52-58, 182 
Lemna minor, 436, 440 
Ligase, 110 
Light microscopy, 3 
Lignification, 46 
Lignin, 4, 45 
Lipase, 109, 139, 140, 163 
Lipids, 4, 5, 12, 15 
Liquid propane, 268 
Liquid ethane, 269 
Liquid helium, 272 
Lonicera periclymenum, 319 
Low temperature embedding, 188-190, 
259, 287-290, see also resin 
Low temperature SEM, 346-379 
artifacts, 370-379 
botanical applications, 367-370 
ice contamination, 376-378 
ice sublimation, 366 
specimen cracking, 378, 379 
specimen storage, 352 
specimen temperature and cooling 
rate, 366, 367 
Lyase, 110 


M 


Maize roots, 442 
Malate synthase, 109, 158, 159, 168 
Malic dehydrogenase, 117, 144, 145 
Meristematic cells, 3, 6 
Metal block freezing, 271-274 
Microanalysis, 397, 415-455 
aminoplastic standards, 445 
analysis of results, 430-448 
bulk specimens for, 421 
chloroplasts, 442 
freeze-dried sections, 444, 445 
frozen-hydrated sections, 444, 445 
specimens, 421-428 
high resolution, 448 


462 


limitations of and future 
developments, 448, 449 
low temperature, 418 
of mineral containing deposits, 
419-421, 435 

P/B values, 435, 437, 439 

regions of interest, 438 

quantitative, 430 

regression equations, 438 

spatial resolution, 430-433 

specimen preparation for, 418-430 

standards, 444, 437-439 

for, cryosectioned material, 445 

take-off angle, 437 

vacuoles, 439-442 
Microautoradiography, 221, 228 
Microbodies, 139, 146, 196 
Microdroplets, 416 
Microfilaments, 14 
Microtubules, 14, 210, 261, 283 
Mirror stereoscope, 79 
Mitochondria, 34, 73, 74 
Mitochondrial membranes, 139 
Mobile ions, localization of, 418 
Molecular distillation drying, 329 
Monoclonal antibodies, see antibodies 
Mordants, 14 
Myrosinase, 117, 141 


N 


NADH-ferricyanide oxido-reductase, 167, 
168 
Nectaries, scanning electron microscopy 
of, 318 
secretion, 134 
Negative staining, 33-35, 211, 213 
methylamine tungstate, 211, 213 
Nitric acid, 296 
Nitrogen slush, 356 
super cooled, 268 
Non-spherical particles, 93 
Nuclear envelope, 73 
Nucleases (DNase, RNase), 137 
Nucleic acids, 220, 239 
Nucleolus, 34, 232, 238 
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Nucleoside diphosphatase, 117 

Nucleoside phosphatase, 135, 136, 162 

Nucleotide analogue, 223 
biotinylated, 222 

Nucleus, 25, 34 

Numerical density, 88, 92-95 


O 


Objective aperture 68 
Oligodeoxyribonucleotides, 227 
Ophrys lutea, 140 
Optimizing cooling efficiency, 269 
Optical sections, 94 
Organometallic compounds, 444 
Osmium tetroxide, 10, 11, 13, 62, 63, 114, 
124, 187, 231, 282, 285, 321-323 
impregnation, 44, 70, 322 
for scanning electron microscopy, 
323-332 
-ferricyanide, 73 
-ferrocyanide, 73 
OTO fixation, 322, 323, 380 
Oxidase, 110 
glycolate, 153-155, 166 
other flavins, 153-155 
polyphenol, 166 
urate, 153-155, 167 


Papaver somniferum, 164 
rhoeas, capsule, 369, 370 
Paraformaldehyde, 10, 11, 13, 61, 116—118, 
186, 189, 231, 321 
preparation of, 61 
Paraformaldehyde-glutaraldehyde 
fixation, 61, 62 
Parallax 78, 79 
Parallel detection systems (PEELS), 416 
Particles, -8, 228 
frequencies, 297 
size analysis, 294 
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PATAG, staining for polysaccharides, 35, 
36, 38-41, 46, 59 
PATOTO fixation, 322, 323, 380 
Pea roots, 70-72 
Peanut agglutinin, 49 
Pectin, 9 
Pectinase, 45, 142, 164 
Periodic acid-Schiff reagent, 26, 36-39, 
59, 322 
Permanganate fixation, 3, 14, 74 
Peroxidase, 106, 108, 112, 117, 146-151, 
165, 166, 228, 394 
Peroxisome, 109, 147, 154, 155, 158, 196, 
198, 419 
Phaseolin, 201-203, 206, 208 
Phaseolus vulgaris 
fractured leaf, 374, 377 
paradermal fractures, 361 
seed, 290 
TS leaf, 368 
Phloem, 134, 273 
Phosphorylase, 110 
Phosphatase, 110, 394 
acid, 107, 127-131, 140, 161 
acid, ‘azo dye’ method, 130, 161 
cerium trapping, 161 
alkaline, 125, 131, 132 
localization, 125-136 
Phosphotungstic acid, 31, 35 
Photobiotin, 222 
Photosystem I & II, 155, 156, 168 
Physical maps, 229 
Phytochrome, 206, 209, 210 
Phytohaemagglutinin, 206 
Phytohormones, 187 
Phytophthora infestans, oogonium, 374, 
375 
Picea sitchensis, 359 
Pinus sylvestris, 359 
Pisolithus tinctorius, 419 
Plasma membrane (plasmalemma), 5, 43, 
46, 48, 81, 86, 97, 107 
particle frequencies, 265 
yeast, 317 
Plastic rings, 28 
Plastids, 5, 6, 40, 74 
starch, 38, 44, 45 
Platinum loop, 28 
Plunge freezing, 268-271 
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Plunge freezing bath, 270 
Plunging devices, 269 
Point overlay, 90 
Pollen, Catananche caerulea, 335 
Pollen tubes, Nicotiana, 214 
Polyclonal antibodies, see antibodies 
Polyphenol oxidase, 151 
Polysaccharides, 26, 30, 35, 36, 38, 41, 48, 
322, 323 
test for, 36-42 
Polytrichum commune, 319 
Polyvinylpyrrolidone, 262 
Poly-1-lysine, 77, 82 
Postfixation, 11 
Potassium ferrocyanide, 70 
Potassium ferricyanide, 73 
Probes 
biotinylated, 228, 233, 244, 249 
labelling 
biotin, 242 
digoxygenin, 233, 242 
nucleic acid, 223 
detection of, 248 
isotopic detection, 222, 228 
non-isotopic detection, 222, 228 
non-radioactive, 222-225 
precipitation of, 246-248 
oligodeoxynucleotide, 227, 240 
oligoribo-, 227 
RNA, 237 
-biotinylated, 242 
-digoxygenylated, 242 
single stranded, 226 
Probes, for 
actin, 229 
myosin, 229 
tubulin, 229 
vimentin, 229 
Prolamellar bodies, Cucurbita moschata, 
336 
Propane, liquid, 270, 277, 292 
jet cooling, 266, 267, 274-276 
safety, 269 
Propylene oxide, 15 
Protease, 110, 142, 143 
Proteins, 12, 182 
Protein bodies, 193 
Protein A-gold, 185, 198 
Proton probe, 416 
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Proton-induced X-ray emission (PIXE), 
416 
Protoplasts, 10 
Puccinta striiformis, 360 
/Hordeum vulgare, complementary 
fractures, 362, 363 


Q 


Quantitative morphological analysis, 
85-103 
absolute values, 97 
indirect measurements, 88 
numerical density, 92-95 
specimen sampling, 97-102 
surface areas, 91, 92 
test grids, 95, 96 
Quench-freezing, 417, 419, 423 


R 


Random priming, 226, 242 
sampling, 88 
Rapid-freezing, 257-312 
Replica cleaning methods, 295-297 
epoxy resin, 342 
for scanning EM, 339-343 
silicon, 340 
stereo-EM of, 80 
strengthening, 294, 295 
Resin 
Araldite, 29, 286 
Durcupan, 24 
epoxy, 12, 15, 42, 63, 187 
Epon, 29 
Epon/Araldite, 18, 19, 187 
glycol methacrylate, 20, 231 
hydrophilic, 20-22 
infiltration, 16 
London Resin Gold, 189, 190, 231, 241, 
287 
LR White, 21, 22, 188, 189, 190, 197, 
206, 231 
low temperature, 22, 279, 280, 287-290 
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low viscosity, 18, 284 
Lowicryl K4M, 22, 23, 188, 189, 190, 
231, 282, 287, 290 
Lowicryl K11M, 429 
Melamine (nanoplast), 23, 24 
methacrylate, 19, 42, 30, 188 
Quetol, 24, 285 
removal from sections, 29, 30 
Spurr, 15, 18, 19, 29, 187, 284, 286 
Vestopal, 24 
Resolution 
lateral, 425 
depth, 425 
Rhizobium, 210, 213 
bacterioids, 197 
root nodules, 195 
Ribulose bisphosphate carboxylase, 203, 
204, 230 
RNA, 226 
antisense, 226 
cellular, 226 
messenger, 222, 239 
ribosomal, 221 
sequence, 220 
Root cortical cell membranes, marrow, 
297, 299 
nodules, pea, 196, 213 
tips, 273, 332 
Rotary shadowing, 80, 275, 292 
Ruthenium red, 8, 9, 325 


Saccharomyces cerevisiae, 317 
surface gold labelling, 396, 397 
Sampling methods, 260 
Scanning electron microscopy, 314-413, 
421 
ambient temperature (ATSEM), 318-346 
coating for field emission, 317 
correlative, 392, 393 
experimental, 390-393 
field emission, 315 
high pressure, 320 
high resolution, 398 
image formation, 383-390 
low temperature, see also low 
temperature SEM, 346-379 
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preparation protocols, 349 
specimen mounting, 351-355 
specimen coating, 381-383 
chromium, 382 
gold-palladium, 381, 382 
platinum-carbon, 381 
silver, 381 
tantalum/tungsten, 382 
specimen conductivity and charging, 
379-382 
specimen mounting, 346 
stubs for, 422 
surface replicas, 339-343 
untreated specimens, 318 
Scanning transmission microscopy 
(STEM), 69 
Scotch tape, 77 
Secondary electrons, 383 
Secretion, 97 
Sequences 
DNA, 241 
RNA, 241 
Serial sections, 95 
Serine: glyoxylate aminotransferase, 198 
Shadow casting, 31 
Shadowing, 33 
bidirectional, 293, 294 
rotary, 292, 293 
unidirectional, 292 
Sieve elements, 262 
Signal-to-noise ratio, 226 
Silene coeli-rosa, flower primordia, 348 
Silver enhancement, 54, 199, 235 
proteinate, 37, 394 
Sinapis alba root tips, 141, 164 
Sinigrinase, 141 
Slam-freezing, 356 
Sordaria humana, perithecium, 375 
Sorghum, roots, 436 
Specimen contamination, 435 
drift, 435 
sampling, 97, 101, 102 
Spheres, 92 
Spray freezing, 274-276 
Spurr low viscosity resin, see resins 
Sputter coating, 317 
Staining 
negative, 31, 33, 34 
positive, 32, 33 
Stains 
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indicative, 39 
phosphotungstic acid, 42, 43 
silicotungstic acid, 42 
tannic acid, 42 
see also lead citrate, uranyl acetate 
Starch, 6, 33 
Statistical analysis, 96 
methods, 88 
Stereology, 85-103, 298 
Stereoscopy, 387 
Stereo-electron microscopy, 67-83 
Stereo-scanning electron microscopy, 
387-390 
Stereo-pair micrographs, 78, 80, 297, 338 
tilt angles, for scanning EM, 390 
tilt angles, for transmission EM, 79 
Stereo-viewer, 79 
Streptavidin, 223 
Streptavidin-gold, 185, 213, 224 
Stringency, 225, 232 
Succinic dehydrogenase, 115, 165 
Sulphatase, 110, 137, 138 
Supercritical nitrogen, 267, 270, 277 
Surface area, 91, 98 
Surface area fraction, 89 
charging, bulk specimens, 425 
densities, 97, 99, 100 
Suspension culture cells, 89, 276 
Acer pseudoplatanus, 276 
Daucus carota, 274-276 
sycamore, 193 


T 


Tannic acid, 14, 15, 42, 69, 185 
Tannins, 5, 12 
Test grids, 95-96 
Test lines, 91 
Thermal conductivity, 438 
Thermocouple, 366 
Thiamine pyrophosphatase, 132, 162 
Thick sectioning, 25, 76, 77 
Thin sectioning, 27 
Thin sections 
frozen-hydrated for microanalysis, 430 
freeze-dried for microanalysis, 430 
Thioglycosidase, 141 
-B, 141 
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Thylakoids 73 

Toluidine blue, 25, 26 

Tonoplast, 5, 42, 73 

Tortula ruralis, 325 

Transaminase, 110 

Transcription sites, 238 

Transgenic organisms, 229 
plants, 193 

Trifolium arvense, seeds, 379 

Triticum aestivum, leaf surface, 386 

Tropaeolum speciosum, 319 


Ulex agglutinin, 49 
Ultramicrotome 6, 7, 18, 76 
Ultrathin sections, see thin sectioning 
Ultraviolet light, 188, 190 
Uranyl acetate, 16, 32, 35, 39, 282, 285 
alcoholic, 69 
salts, 30, 32 
Uranyl, copper and lead impregnation, 
73, 74 
Urate oxidase, 109, 113, 167 
Uricase, 155, 156, 167 
Uromyces viciae-fabae, 327 


Vv 


Vacuole, 4, 5, 6, 25, 107, 295, 423, 433, 
439-442 
Vitrification, 258, 277 
Volume fractions, 97-100 
measurements, 89-91 
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W 


Water 
condensation and distillation on cryo- 
fixation, 376 
content, of biological tissue, 445, 446 
displacement from cells on freezing, 
375, 376 
Wheat germ agglutinin, 48 
Wholemounts, 229 


X 


X-ray microanalysis, see microanalysis 

absorption, 430 

fluorescence, 434, 437 

imaging, 446-448 

mapping, 446-448 

spectra, 428 

spectroscopy, energy dispersive 
(EDXS), 416 

spectroscopy, wavelength-dispersive 
(WDXS), 416 


Yucca, 153, 154 


Z 


Zea mays root tips, 162, 169, 332 

Zinc iodide, 70 

Zinc iodide/osmium tetroxide (ZIO), 44, 
71, 73, 80 


